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absorption of the S1 excited state was monitored at 520 nm, and (C,F) 
the absorption from the solvated electron was monitored at 650 nm. 
Double-exponential fits (starting from 20 ps) are superimposed as 
solid lines, and the solid circles and squares are the corresponding 
residuals. Fitting parameters are presented in Table 2.1. The data 
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280-nm photolysis. The samples were (A–C) tyrosine (pL 9, open 
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ETPT (ET is rate-limiting), (B) ETPT (PT is rate-limiting), and (C) 
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(A) Tyrosine and its PCET reaction to form a neutral tyrosyl radical 
and (B) tyrosinate and its ET reaction to form a neutral tyrosyl 
radical. The reaction in (A) occurs at pL/pD 8.5; the reaction in (B) 




UVRR difference spectra, primary sequences, and predicted 
secondary structures. UVRR difference spectra (radical-minus-
singlet) acquired from (A) tyrosine, pD 8.5, or (B) tyrosinate, pD 11 
solution. Sequences and predicted fold of Peptide A (C) and its His14 
to Cha14 variant, Peptide C (D). UVRR difference spectra (radical-
minus-singlet) acquired from (C) Peptide A-YH at pD 8.5 (I) or 
Peptide A-Y– at pD 11 (II) and from (D) Peptide C-YH at pD 8.5 (I) 
or Peptide C-Y– at pD 11 (II). The difference spectra were calculated 
as radical-minus-singlet. A 244 nm Raman probe beam was utilized. 




Phenol group of YH/Y–/Y·, with labels matching those in Table 3.1 75 
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Time evolution of secondary-structure assignment per residue of 
Peptide A charge states for all three runs. Extension of the first run 
to 400 ns is presented in Figure 3.5. The legend at the bottom uses 
DSSP classification as implemented in Stride57 where T is β turn, E 
is β sheet, B is β bridge, H is α helix, G is 310 helix, I is π helix, and 





Time evolution of secondary-structure assignment per residue of 
Peptide A charge states for the first run extended to 400ns. The 
legend at the bottom uses DSSP classification as implemented in 
Stride where T is β turn, E is β sheet, B is β bridge, H is α helix, G is 
310 helix, I is π helix, and C is unstructured coil. (A) Peptide A-YH. 




Examples of observed structures of (A) Peptide A-YH, (B) Peptide 




Protonated His14 variants. (A,B) Time evolution of secondary-
structure assignment per residue of (A) Peptide A-YH and (B) 
Peptide A-Y•. (C) Number of backbone hydrogen bonds vs. time for 
Peptide A-YH (blue) and Peptide A-Y• (maroon). (D) Radius of 
gyration vs. time for Peptide A-YH (blue) and Peptide A-Y• 
(maroon). (E) Distance between Y5/Y• and H14 vs. time for Peptide 




aMD trajectories. For each system, number of hydrogen bonds (top) 




Peptide A-YH and Peptide C-YH are shown in red. Peptide A-Y– 
and Peptide C-Y– are shown in green. Peptide A-Y• and Peptide C-
Y• are shown in blue. 
Figure 
3.9 
aMD trajectory weights, unweighted distributions, and reweighted 
distributions. (Diamonds) Weights, wi calculated for all aMD 
trajectory points. (Solid lines) Unweighted probability distributions 
for each aMD trajectory. (Dashed lines) Peptide A-YH and Peptide 
C-YH are shown in red. Peptide A-Y– and Peptide C-Y– are shown 




Structural parameters measured during simulations of Peptide A. In 
all panels, black curves are from run 1 of Peptide YH, green from 
Peptide A-Y–, and red from Peptide A-Y·. Other runs are presented 
in Figure 3.11, 3.12, 3.13. (A) Number of backbone hydrogen bonds 
for each Peptide-A variant. (B) Radius of gyration. (C) Distance 




Number of backbone hydrogen bonds for each Peptide-A variant. In 
each panel, the three colors denote three independent runs. (A) 




Radius of gyration for each Peptide-A variant. In each panel, the 
three colors denote three independent runs. (A) Peptide A-YH. (B) 




Distance between Y5/Y–/Y• and H14 for each Peptide-A variant. In 
each panel, the three colors denote three independent runs. (A) 




Arrangements for the (A) parallel offset and (B) perpendicular T-




Time evolution of secondary-structure assignment per residue of 
Peptide C charge states for all three runs. Extension of the first run 
to 400 ns is presented in Figure 3.16. The legend at the bottom uses 
DSSP classification as implemented in Stride57 where T is β turn, E 
is β sheet, B is β bridge, H is α helix, G is 310 helix, I is π helix, and 





Time evolution of secondary-structure assignment per residue of 
Peptide C charge states for the first run extended to 400ns. The 
legend at the bottom uses DSSP classification as implemented in 
Stride where T is β turn, E is β sheet, B is β bridge, H is α helix, G is 
310 helix, I is π helix, and C is unstructured coil. (A) Peptide C-YH. 






Structural parameters measured during simulations of Peptide C. In 
all panels, black curves are from run 1 of Peptide C-YH, green from 
Peptide C-Y–, and red from Peptide C-Y·. Other runs are presented 
in Figures 3.18, 3.19, and 3.20. (A) Number of backbone hydrogen 
bonds for each Peptide-C variant. (B) Radius of gyration. (C) 




Number of backbone hydrogen bonds for each Peptide-C variant. In 
each panel, the three colors denote three independent runs. (A) 




Radius of gyration for each Peptide-C variant. In each panel, the 
three colors denote three independent runs. (A) Peptide C-YH. (B) 




Distance between Y5/Y–/Y• and Cha14 for each Peptide-C variant. 
In each panel, the three colors denote three independent runs. (A) 




PCET reaction schemes for tyrosyl radical generation. (A) UVRR 
experiments produce a photosteady state in a peptide sample. 
Tyrosyl radical is generated by continuous wave (CW) illumination 
using 244 nm illumination and sample circulation by a peristaltic 
pump. Spectral subtraction (UVhigh – UVlow) generates the radical-
minus-singlet UVRR difference spectrum.25, 34 (B) Time-resolved 
absorption spectroscopy (TRAS) generates a transient tyrosyl radical 
in a peptide sample. A femtosecond 280 nm pump and a stirred 
sample are used. The decay of radical is monitored as a transient on 
the picosecond time scale.25, 32-33 (C) In PSII, photoexcitation of 
chlorophyll with a visible, 532 nm pump and time-resolved 
absorption spectroscopy are used to measure the rate of electron 
transfer from tyrosine, YZ, to oxidized chlorophyll. The generation 
of YZ radical occurs on the nanosecond time scale and its reduction 
by the PSII oxygen-evolving complex (OEC) occurs on the 
microsecond to millisecond time scale. His190 in the D1 polypeptide 




The environments of redox active tyrosine residues in class 1a met 
β2 subunits from E. coli and mouse RNR. The structures were 
generated with Pymol from 1MXR (E. coli, a) and 1W69 (mouse, b). 
In a, Y122 and W48 are shown, along with iron cluster ligands, D84, 
E115, H118, E204, E238 and H241 in E. coli. In b, Y177 and W103 
are shown, along with iron ligands D139, E170, H173, E233, E267 
and H270 in mouse. The distance between the phenolic oxygen and 
the indole nitrogen is 9.7 Å in E. coli and 9.9 Å in mouse. Primary 
sequences and NMR structures of Peptide A (c,d) and Peptide M 




structure was reported previously14, and the Peptide M structure is 
derived from this work. Structural analyses for the ensemble of 20 
low energy NMR models are presented in Table 4.1 (Peptide M) and 
Table 4.2 (Peptide A). as well as side chain–side chain distances in 
the averaged, minimized structures. 
Figure 
4.2 
Summary of the NMR data on Peptide M. (a) Plot showing the short- 
and long-range ROEs for the backbone and the side chains, (b) root-
mean-square deviations (RMSD) of the backbone atoms, (c) 
ensemble of 20 selected backbone conformers and (d) average 
structure of Peptide M. Resonance assignments were carried out 
using a combination of 2D [1H–1H]-TOCSY and [1H–1H]-ROESY 
experiments. All of the resonances were assigned, and 159 ROESY 
connectivities were detected. See Methods for more information, and 




NMR data. Selected region of [1H,1H] ROESY (A) and 1H-NMR (B) 





CD spectra of Peptide A and Peptide M. Data were acquired from 
Peptide A, pH 6.5 (a, pink) Peptide M, pH 6.5 (b, purple) and Peptide 
M, pH 11 (c, purple). The spectra were obtained at 20 °C (solid line, 
pre-melt), 80 °C (dot–dashed line) or at 20 °C (dashed line, post-
melt). In b, difference CD spectra are shown in cyan, corresponding 
to Peptide M pH 6.5 (b, purple)–minus–Peptide A (a, pink). In c, 
difference spectra are shown in cyan, corresponding to Peptide M pH 
11 (c, purple)–minus–Peptide A (a, pink). Data were obtained at 
20 °C (b,c, cyan, solid line, pre-melt) or at 80 °C (b,c, dot–dashed 
line). The analyte concentration was 200 µM, and the buffer 
contained 5 mM MES, pH 6.5 (a,b) or 5 mM borate, pH 11 (C). The 
spectra were averaged from three independent measurements. The 
tick marks denote 2 mdeg. Difference CD spectra (cyan) in b,c are 




Ultraviolet absorption spectra of Peptide M and model compounds. 
Data were acquired from Peptide M (purple), tyrosine (Tyr; blue) 
and tryptophan (Trp; green) at pH 5 (I) and at pH 11 (II). The black 
dashed trace (D) was obtained by subtracting the tryptophan 
spectrum from that of Peptide M. The analyte concentration was 
100 µM, and the buffer contained 5 mM acetate, pH 5 (I) or 5 mM 
borate, pH 11 (II). The spectra were averaged from two independent 




UV absorption spectra. Data were derived from Peptide M (purple), 
tyrosine (blue) and tryptophan (green) at pH 5 (I) and at pH 11 (II). 




spectrum from that of Peptide M. The black dashed trace (E) was 
obtained by subtracting the tryptophan spectrum from that of Peptide 
M. The analyte concentration was 100 µM, and the buffer contained 
5 mM acetate, pH 5 (I) or 5 mM borate, pH (11). The spectra were 
averaged from two independent measurements. The tick marks 
denote 0.1 absorbance unit. 
Figure 
4.7 
DPV. Data were derived from Peptide A (pink), Peptide M (purple), 
a tyrosine-tryptophan solution (orange), a tyrosine solution (blue) 
and a tryptophan solution (green) at pH 5 (A) or at pH 11 (B). The 
data were baseline corrected for presentation purposes. The analyte 
concentration was 100 µM. At pH 5, the buffer was 5 mM acetate, 
200 mM KCl (A). At pH 11, the buffer was 5 mM borate, 200 mM 
KCl (B). The data were averaged from three independent 
measurements for peptides and from nine independent 
measurements for amino acid analytes. Potentials are given versus 
the normal hydrogen electrode (NHE) by adding 0.22 V to the values 
measured using a 1 M KCl-filled Ag/AgCl reference electrode. The 
tick marks denote 1 x 10-7 units. Peptide A (pink) and Peptide M 
(purple) voltammagrams are multiplied by 2 for clarity. DPV 
measurements were performed on a computer-controlled Princeton 
Applied Research 273A potentiostat. Experiments were conducted 
in an argon-sparged, three-electrode cell (CH Instruments, Austin, 
TX) equipped with a 3 mm glassy carbon working electrode, 
platinum wire counter electrode, and a Ag/AgCl reference electrode 
in 1 M KCl (E = 0.22 V (NHE)). Data were collected in increments 
of ΔE = 4 mV at a scan rate of 32 mV/s. The differential pulse 
amplitude was 25 mV. Data were fit to a polynomial baseline using 
PeakFit 4 (Systat Software Inc, San Jose, CA) and smoothed using 
CorrView3 (Scribner, Southern Pines, NC). Data on the amino acids 
were averaged in triplicate and data on the peptides were averages of 
nine trials. The peak potentials reported in the text were determined 
from the centroid of the data before baseline correction. Hexamine 
ruthenium (III) chloride (200 µM, 1 M KCl)1 was used as standard 
in each trial and gave a peak potential of -0.200 ± 0.003 V versus 
Ag/AgCl (average of 20), as expected. In control experiments at pH 
11, CAPS was used as a buffering agent. The substitution of the 





X-band EPR spectra. Data were acquired from Peptide A (A), 
Peptide M (B), tyrosine + tryptophan solution (C), tyrosine solution 
(D) and tryptophan solution (E). The buffer blank is shown in (F). 
EPR spectra2,3 were collected on a Bruker EMX spectrometer 
(Billerica, MA) at 160 K using the following conditions: microwave 
frequency, 9.2 GHz; microwave power, 200 µW; modulation 




number of scans, 4; time constant, 655 ms. Radicals were generated 
using 50 flashes at 266 nm (50-60 mJ) generated by a Nd-YAG laser 
(Continuum Surelite III, Santa Clara, CA). The analyte concentration 
was 1 mM, and the buffer contained 10 mM borate, pH 11. The data 
were averaged from three independent measurements. The tick 
marks denote 500 units. 
Figure 
4.9 
UV-Vis spectra. Data acquired from tyrosine (A), tryptophan (B), 
tyrosine-tryptophan solution (C) and Peptide M (D) before (solid 
line) and after (dashed-line) EPR measurements. The solutions of 
tryptophan (B), tyrosine-tryptophan mixture (C) and Peptide M (D) 
were diluted four fold before measurements due to the high 




UVRR difference spectra derived from Peptide M, Peptide A and 
model compounds. Data were acquired from Peptide M (A), Peptide 
A (B), a tyrosine-tryptophan solution (C), a tyrosine solution (D) or 
a tryptophan solution (E). The analyte concentration was 1 mM, and 
the buffer was 5 mM borate, pH 11. The difference spectrum was 
obtained by subtracting an averaged low-power scan (340 µW) from 
an averaged high-power scan (3.4 mW). The tick marks denote 50 
intensity units. The data were averaged from at least two independent 





YW interactions in X-ray structures of RNR (A, Y122, PDB 1MXR, 
ref 15), cyanobacterial (T. vulcanus) PSII (B, YZ, and C, YD, PDB 
4UB6, ref 12) and spinach (S. oleracea) PSII (D, YZ and E, YD, PDB 
3JCU, ref 13). F shows dihedral angles between tyrosine and 
tryptophan transition moments (µi and µj, respectively) and the inter-
ring vector, Rij, in the lowest energy NMR structures of Peptide M 
(green) and Peptide MW (purple). The orientation of the transition 




Primary sequences and predicted beta turn in Peptide A (A), Peptide 




Lowest energy NMR structures of (A) Peptide A, (B) Peptide M, (C) 










Graphical summary of NMR constraints for beta hairpins.  Short and 
long range coupling for the backbone and sidechains of Peptide A, 




Peptide A was reported previously in ref 23, and the NMR structure 
of Peptide M was reported in ref 32. 
Figure 
5.6 
Chemical shift index derived from the NMR structures of Peptide A, 
Peptide M, Peptide W, and Peptide MW. The chemical shifts for 
random coil were obtained according to the tool at 




Fingerprint regions of A) Pep W and B) Pep MW extracted from the 





Time evolution of secondary-structure assignment per residue of 
Peptide M (top), Peptide W (middle), and Peptide MW (bottom). 
Simulation runs 1-4 are shown for each peptide. The legend uses 
DSSP classification: T is β turn, E is β sheet, B is β bridge, H is α 




MD simulations of Peptide M, W, and MW.  (A) Time evolution of 
secondary-structure assignment per residue of Peptide M (top), 
Peptide W (middle), and Peptide MW (bottom) during REST2 
simulations. The legend uses DSSP classification: T is β turn, E is β 
sheet, B is β bridge, H is α helix, G is 310 helix, I is π helix, and C is 





Results from MD simulations of beta hairpins at pH 9.0.  Distance 
between the (A) side-chain oxygen of Y5 and side-chain nitrogen of 
W14 for four runs of Peptide M, (B) side-chain nitrogen of W5 and 
the side-chain epsilon nitrogen of H14 for four runs of Peptide W, 
and  (C) side-chain oxygen of Y5 and the side-chain nitrogen of W13 
for four runs of Peptide MW.  The charge state is YW, corresponding 
to pH 9.  (D) Distances in the REST2 runs.  We note that replica-
exchange trajectories are not guaranteed to be continuous in time, 




Results of MD simulations of Peptide M at pH 11.  In (I), time 
evolution of secondary-structure assignment per residue, in (II), the 
distance between the side-chain oxygen of Y5 and side-chain 
nitrogen of W14 for four runs, and in (III), snapshots of structures.  
The legend at the bottom of (I) uses DSSP classification in which T 
is β turn, E is β sheet, B is β bridge, H is α helix, G is 310 helix, I is 
π helix, and C is unstructured coil. The charge state of the dyad is Y- 
W, in which the tyrosinate side chain is negatively charged, as 






CD spectra of Peptide A (I, pink), Peptide M (IIA, purple), and 
Peptide MW (IIIA, black), pH 6.5. The spectra were acquired at 20 
°C (solid line, pre-melt), 80 °C (dot-dashed line) or 20 °C (dashed 
line, post-melt). In IIB, difference CD spectra are shown in cyan, 
corresponding to Peptide M (IIA, purple)-minus-Peptide A (I, pink). 
In IIIB, difference CD spectra are shown in gold, corresponding to 
Peptide MW (III, black)-minus-Peptide A (I, pink). Data were 
obtained at 20 °C (IIB, cyan; IIIB, gold; solid line; pre-melt) or at 80 
°C (IIB, cyan; IIIB, gold; dot-dashed line). Amplitude of differential 
signal noted as a vertical line (IIB, cyan, 3.1 mdeg; IIIB, gold, 4.5 
mdeg). Analyte concentration, 200 µM; buffer, 5 mM MES, pH 6.5. 
The tick marks on the y axis denote 2 mdeg. Difference CD spectra 





UV spectra of amino acids and peptides (I, II, III) and hypochromic 
effect in peptides (IV).  Samples in (I-IV): a 1:1 mixture of tyrosine 
and tryptophan (orange), Peptide M (purple), Peptide MW (black), 
tryptophan (green), Peptide W (teal), and Peptide WA14 (yellow).  
In III, traces from I are replicated and normalized by the extinction 
coefficient at 266 nm (in IV) to highlight the red-shifted UV 
spectrum of Peptide M and Peptide MW.   In (IV), determination of 
266 nm extinction coefficients.  The buffer contained 5 mM borate, 





(A) Fluorescence emission spectra derived from a 1:1 tyrosine and 
tryptophan mixture (orange), tyrosine (blue), tryptophan (green), 
Peptide M (purple), Peptide MW (black) and a buffer background 
(grey).  The Peptide M and Peptide MW fluorescence spectra were 
normalized using the UV absorption extinction coefficients shown 
in Figure S9.  The analyte concentration was 25 µM.  In (B), 
concentration dependence of the emission spectrum derived from a 
1:1 mixture of tyrosine and tryptophan (orange) or Peptide M 
(purple). In (C), concentration dependence of the emission spectrum 
derived from a 1:1 mixture of tyrosine and tryptophan (orange) or 
Peptide MW (black).  In (B and C), the analyte concentration was 25 
µM (solid), 12.5 µM (dotted), or 7.5 µM (dot-dashed).  The buffer 




TRAS derived from (A) tryptophan, (B) a 1:1 mixture of tryptophan 
and tyrosine, (C) Peptide M, (D) Peptide MW, (E) Peptide W, and 
(F) Peptide WA14 after UV photolysis at pH 9. Spectra were 
obtained at 3 (black), 15 (blue), 33 (green), 513 (orange), 1033 







Decay kinetics obtained from TRAS of amino acid and beta hairpins 
after UV photolysis at pH 9.  Data were acquired from (A) 
tryptophan, (B) a 1:1 mixture of tyrosine and tryptophan, (C) Peptide 
M, (D) Peptide MW, (E) Peptide W, and (F) Peptide WA14.  Spectra 
were monitored at selected wavelengths; 360 nm (black circles), 410 
nm (red squares), 460 nm (green triangles), 520 nm (blue triangles), 
580 nm (purple diamonds) and 650 nm (cyan diamonds).  Bi-
exponential fits (starting from 3 ps) are superimposed as solid lines, 
and the open symbols at the bottom of each panel are the 
corresponding residuals.  The data were averaged from at least two 
independent measurements.  The averaged data were normalized 
with respect to the maximum absorbance, which occurred at 2-3 ps.  
Fitting parameters are presented in Table 5.5. Selected data are 
reproduced in Figure 5.17 on a semi-logarithm plot.  Analyte 




Decay kinetics obtained from TRAS of amino acid and selected 
peptides after UV photolysis at pH 9. Data were acquired from 
tryptophan (green), Peptide M (purple), and Peptide W (pink). 
Spectra were monitored at 360 nm (A), 410 nm (B), 460 nm (C), 520 
nm (D), 580 nm (E) and 650 nm (F). Bi-exponential fits (starting 
from 3 ps) are superimposed as solid lines (Table 5.5). The averaged 
data were normalized with respect to the maximum absorbance, 
which occurred at 2-3 ps. A comparison of all the kinetic data with 
residuals is shown in Figure 5.16.  Analyte concentration, 1 mM; 




TRAS of (A) tryptophan and (B) tyrosine at pH 9 after UV 
photolysis.  Spectra were obtained at 3 (black), 15 (blue), 33 (green), 
513 (orange), 1033 (purple), 2033 (pink) ps.  The spectra in (A) and 
(B) are plotted on the same scale. The spectra were averaged from at 
least three independent measurements.  Analyte concentration, 1 
mM; buffer, 5 mM borate-NaOH.  Figure 5.18A is repeated from 




Decay kinetics obtained from TRAS of amino acids after UV 
photolysis.  Data were acquired from (A) tryptophan and (B) tyrosine 
at pH 9.  Spectra were monitored at selected wavelengths; 345 nm 
(black circles), 410 nm (red squares), 460 nm (green triangles), 520 
nm (blue triangles), 580 nm (purple diamonds) and 650 nm (cyan 
diamonds).  Bi-exponential fits (starting from 3 ps) are superimposed 
as solid lines, and the open symbols at the bottom of each panel are 
the corresponding residuals.  The data were averaged from at least 
two independent measurements. The averaged data were normalized 




Fitting parameters for (A) are presented in Table 5.5.  Analyte 
concentration, 1 mM; buffer, 5 mM borate-NaOH. 
Figure 
5.20 
TRAS of (A) tryptophan and (B) Peptide M at pH 11 after UV 
photolysis.  Spectra were obtained at 3 (black), 15 (blue), 33 (green), 
513 (orange), 1033 (purple), 2033 ps (pink). The spectra were 
averaged from at least three independent measurements.  Analyte 




Decay kinetics obtained from TRAS of amino acid and beta hairpins 
after UV photolysis at pH 11.  Data were acquired from (A) 
tryptophan and (B) Peptide M.  Spectra were monitored at selected 
wavelengths; 345 nm (black circles), 410 nm (red squares), 460 nm 
(green triangles), 520 nm (blue triangles), 580 nm (purple diamonds) 
and 650 nm (cyan diamonds).  Bi-exponential fits (starting from 3 
ps) are superimposed as solid lines (Table S6), and the open symbols 
at the bottom of each panel are the corresponding residuals.  The data 
were averaged from at least two independent measurements.  The 
averaged data were normalized with respect to the maximum 
absorbance, which occurred at ∼ 2-3 ps.  Analyte concentration, 1 




Overlay of TRAS derived from tryptophan (black dotted-line), 
Peptide M (blue dashed-line), and Peptide MW (green solid-line) and 
obtained at 3 (A), 15 (B), 33 (C), 513 (D), 1033 (E), 2033 ps (F). 
Analyte concentration, 1 mM; buffer, 5 mM borate-NaOH (pH 9).  




UV-Vis absorption spectra recorded before (solid) and after (dashed) 
UV photolysis at 160 K (EPR experiment).  In (A), spectra were 
acquired from an equimolar mixture of tryptophan and tyrosine and 
in (B), spectra were acquired from Peptide M.  Note the scale change 
on the y axis and see Figure 5.13 for the magnitude of the 
hypochromic effect in Peptide M.  The buffer contained 5 mM 




In (I), EPR spectra derived from amino acid and beta hairpins after 
UV photolysis at 160 K and pH 9.  Samples: (A) tyrosine, (B) a 1:1 
molar mixture of tryptophan and tyrosine (orange), (C) Peptide M 
(purple), (D) Peptide MW (black), (E) tryptophan (green), (F) 
Peptide W (teal), and (G) Peptide WA14 (yellow). The concentration 
was 250 µM, as determined gravimetrically.  Tick marks denote 500 
intensity units.  The asterisk marks a spectral artifact from the quartz 
EPR tube.  The inset shows an overlay of the spectra of Peptide M 
(C) and the 1:1 mixture (B); the inset spectra have been arbitrarily 
scaled to facilitate comparison.  The arrows in I emphasize a 




tryptophan radicals.  In (II), EPR amplitude at 3336 G (minus the 
zero offset at 3315 G) as a function of measured 266 nm absorbance, 
after a 1 to 10 dilution, at pH 9.   Samples:  a 1:1 molar mixture of 
tryptophan and tyrosine (orange), tryptophan (green), Peptide W 
(teal), and Peptide WA14 (yellow).  Error bars represent the standard 
deviation of 3 replicate measurements. 
Figure 
5.25 
The pH dependence of EPR spectra derived from UV photolysis of 
tryptophan at 160 K.   In (A), the sample was pH 4.3, 5 mM acetate 
with spectra representing a mixture of the protonated WH•+ and 
neutral W• radicals, in (B), the sample was pH 9.0, 5 mM borate with 
spectra representing the neutral W• radical, and in (C), the sample 
was pH 11.0, 5 mM borate with spectra representing the neutral W• 
radical and a superimposed, narrow radical.  In (D), UV photolysis 
of tryptophan was performed at 160 K and pH 9. The sample was 
then warmed to 200 K, and additional spectra were acquired.  Most 
of the signal amplitude is retained, but a narrow signal at g=2 loses 
intensity with warming.  The concentration was 250 µM.  Tick marks 
denote 500 intensity units.  The asterisk marks a spectral artifact 




EPR spectra of peptides and amino acids at 160 K. In (A and B), EPR 
spectra derived after UV photolysis from a 1:1 tyrosine-tryptophan 
mixture (orange, 125 µM, A266 = 0.6) and Peptide M (purple, 250 
µM, A266 = 0.6) at pH 9 (A) or pH 11 (B). In (C and D), the difference 
spectra, mixture-minus-Peptide M, at pH 9 (C) or pH 11 (D) are 
compared to EPR spectra derived from tyrosine (blue) and 
tryptophan (green) at the same pH. In (E and F), EPR amplitude at 
3336 G, after subtraction of the zero offset at 3315 G, as a function 
of measured 266 nm absorbance and after a 1 to 10 dilution, at pH 9 
(E) or pH 11 (F). Samples: tyrosine (blue), a 1:1 molar mixture of 
tryptophan and tyrosine (orange), Peptide M (purple), Peptide MW 
(black), and tryptophan (green). Error bars represent the standard 
deviation of 3 replicate measurements. The asterisk marks a spectral 




Schematic illustrating UV photolysis, radical generation, a pH-
induced change in a hydrogen bonding network containing Y and W, 





In (A), Copper/zinc coordination site in superoxide dismutase (SOD) 
(PDB, 2SOD).22  Cu2+ (light brown sphere) is ligated by His44, 
His46, His61 and His118, while Zn2+ (magenta sphere) is ligated by 
His61, His69, His78 and Asp81. His61 (blue residue) bridges Cu2+ 
and Zn2+ ions.  In (B), speculative PEP-FOLD models of Hst5.  Side 




are labeled; top, K13, R22, and both tyrosine residues; bottom right, 
H18, H19, and both tyrosines are labeled.  The mutants, Hst5 
K13E/R22G (top) and Hst5 H18A/H19A (bottom) are investigated 
here.  A speculative binding site for Zn2+ ion is shown in pink. 
Figure 
6.2 
Sequences of Hst5 (A), Peptide J (B), Peptide P (C), and Peptide J/F 
(D). In (A), red denotes K13E/R22G mutation sites and blue denotes 
H18A/H19A mutation sites. In (B-D), blue denotes metal-binding 





UV absorption spectra of Hst5 and mutants. In (A), Hst5 (solid line), 
Hst5 K13E/R22G (dashed line), and Hst5 H18A/H19A (dotted line) 
in the absence of added metals (black). In (B), Hst5 (solid line), Hst5 
K13E/R22G (dashed line), and Hst5 H18A/H19A (dotted line) in the 
presence of equimolar Zn2+ (green).  In (C), Hst5 (solid line), Hst5 
K13E/R22G (dashed line), and Hst5 H18A/H19A (dotted line) in the 
presence of equimolar Cu2+(blue).  In (D), Hst5 (solid line), Hst5 
K13E/R22G (dashed line), and Hst5 H18A/H19A (dotted line) in the 
presence of equimolar Zn2+ and Cu2+. The peptide concentration was 
50 µM, and the buffer contained 5 mM HEPES pH 7.5 and 50 µM 
ZnCl2 and/or CuCl2 where noted and the metal- or non-metal-
containing buffers were used in a reference cell during spectrum 
acquisition. Spectra are an average of three measurements; 




CD spectra of peptides in the absence (left) or presence of (right) 
Zn2+. Samples are Hst5 (A, teal), Hst5 + Zn2+ (B, grey), Hst5 
K13E/R22G (C, peach), Hst5 K13ER22G + Zn2+ (D, black), Hst5 
H18A/H19A (E, light green), Hst5 H18A/H19A + Zn2+ (F, brown), 
Peptide J (G, green), Peptide J + Zn2+ (H, purple), Peptide P (I, blue), 
and Peptide P + Zn2+ (J, orange). Spectra were acquired at 20 °C 
(solid trace), then the samples were melted in the Peltier cell at 80 
°C (dot-dashed trace), and subsequently cooled back to 20 °C 
(dashed trace). Tick marks denote 4 mdeg. Spectra were averaged 
from three to nine replicates.   The peptide concentration was 100 
µM, and equimolar ZnCl2 was added where noted.  The buffer 




UV absorption spectra of Peptide J (A and B) and Peptide P (C and 
D) with increasing concentrations of Zn2+ (500 µM, dark purple and 
dark brown; 1mM, purple and brown; 2 mM, light purple and orange, 
3 mM, pink and light orange; 4 mM, light pink and yellow) at pH 7.5 
(A and C) and pD 7.5 (B and D). The analyte concentration was 500 
µM. The buffer contained 5 mM HEPES. The spectra were averaged 






UV absorption spectra of Peptide P (A and C) (green) and difference 
absorption spectra obtained by subtracting Peptide P spectrum from 
that of Peptide P and Zn2+ solution with variation in the Peptide:Zn2+ 
stoichiometry ratios, 1:1 (dark brown), 1:2 (brown), 1:4 (orange) and 
1:6 (light orange), 1:8 (yellow). The difference spectra (baseline 
corrected) are expanded in panels B and D.  The measurements were 
performed at pH 7.5 (A and B) and pD 7.5 (C and D). The peptide 
concentration was 500 µM. The buffer contained 5 mM HEPES. The 




UV absorption and difference spectra of Peptide J (green) at pH 7.5 
(A) and pD 7.5 (C).  Difference spectra, showing the effects of zinc 
addition, were obtained by subtracting the Peptide J spectrum from 
that of a Peptide J and Zn2+ mixture (A, pH 7.5 and C, pD 7.5).  The 
ratios were 1: 1 (dark purple), 1:2 (purple), 1:4 (light purple), and 1:6 
(pink), 1:8 (light pink).  The difference spectra are expanded in 
panels B and D.  The analyte concentration was 500 µM, and the 
buffer contained 5 mM HEPES, pL 7.5. The spectra were averaged 




CD spectra of Peptide A (A) and Peptide A and Zn2+ (B). Spectra 
were acquired at 20 °C (solid trace), then the samples were melted in 
the Peltier cell at 80 °C (dot-dashed trace), and subsequently cooled 
back to 20 °C (dashed trace). Tick marks denote 4 mdeg. Spectra 
were averaged from three replicates. The peptide concentration was 
100 µM, and equimolar ZnCl2 was added where noted.  The buffer 




UVRR spectra of Histatin-5 (Hst5) and mutants K13E/R22G and 
H18A/H19A in the presence or absence of Zn2+ and Cu2+. In (I), wild 
type Hst5 (A), Hst5 K13E/R22G (B) and Hst5 H18A/H19A (C) in 
the absence of added metals. In (II), Hst5 in the absence of added 
metals (A, black), presence of Zn2+ (B, green), Cu2+ (C, blue), or Zn2+ 
and Cu2+ (D, pink). In (III), Hst5 K13E/R22G in the absence of 
added metals (A, black), presence of Zn2+ (B, green), Cu2+ (C, blue), 
or Zn2+ and Cu2+ (D, pink). In (IV), Hst5 H18A/H19A in the absence 
of added metals (A, black), presence of Zn2+ (B, green), Cu2+ (C, 
blue), or Zn2+ and Cu2+ (D, pink).  The peptide concentration was 1 
mM, and the samples contained equimolar ZnCl2 and/or CuCl2 
where noted.  The buffer contained 5 mM HEPES pD 7.5.  The 
sample was recirculated using a peristaltic pump to prevent UV 
damage.  Laser wavelength, 244 nm; laser power, 3.7 mW; scan 
time, 120 s; accumulations, 4. Data were averaged from two 
independent measurements (using two 1 mL samples) and 
normalized to the intensity of the amide II’ band at ~1434 cm-1. Tick 






UV Raman spectra of 5 mM Histidine at (A.) pD 5, (B.) pD 7.5 and 
(C.) pD 11 The buffer contained 5 mM of acetate (pD 5), HEPES 
(pD 7.5) and Borate (pD 11). The spectra are normalized with respect 




UV Raman spectra of 1 mM tyrosine at (A.) pH 8.5, (B.) pD 8.5, (C.) 
pH 11 and (D.) pD 11. The spectra are normalized with respect to the 
most intense peak. Each tick mark is 0.05 unit. The buffer contained 




UVRR spectra of beta hairpin peptides.  Samples: Peptide J (I) in the 
absence (A, green) or presence (B, purple) of equimolar ZnCl2; 
Peptide P (II) in the absence (A, blue) or presence (B, orange) of 
equimolar ZnCl2; Peptide J/F (III) in the absence (A, black) or 
presence (B, gold) of equimolar ZnCl2.   The peptide concentration 
was 1 mM, and the samples contained equimolar ZnCl2 where noted.  
The buffer contained 5 mM HEPES pD 7.5. Sample was recirculated 
using a peristaltic pump to prevent UV damage.  Laser wavelength, 
244 nm; laser power, 3.4 mW; scan time, 120 s; accumulations, 4.  
Data were averaged from at least two independent measurements 





UVRR spectra of Peptide J and Ca2+ (A, red), Peptide J and Mn2+ (B, 
light orange) and Peptide J (C, green) at pH 7.5.  In (D), Peptide J 
and Zn2+ pD 7.5 is reproduced from Figure 6 in the main text.  In A-
C, the peptide concentration was 1 mM, when present, the calcium 
and manganese concentrations were 5 mM, and the buffer contained 
5 mM HEPES in H2O (pH 7.5).  In (D), the peptide concentration 
was 1 mM, and the sample contained equimolar Zn2+. The data were 
averaged from at least two independent measurements.  Tick marks 




UVRR spectra of Peptide A in the presence (A, blue) or absence (B, 
black) of Zn2+ at pH 7.5. The peptide concentration was 1 mM, and 
the zinc concentration was 5 mM. The buffer contained 5 mM 
HEPES in H2O (pH 7.5). The data were averaged from at least two 






LIST OF SYMBOLS AND ABBREVIATIONS 
Å angstrom 
Abs absorbance 
AU absorbance unit 
CAPS N-cyclohexyl-3-aminopropanesulfonic acid 
EPR electron paramagnetic resonance 
HEPES 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid 
Hst5 histatin-5 
MES 2-(N-morpholino)ethanesulfonic acid 
PSII photosystem II 
RNR ribonucleotide reductase 
UV ultraviolet 
UVRR ultraviolet resonance Raman 
W48 tryptophan 48 of the beta subunit of E coli RNR 
Y122 tyrosine 122 of the beta subunit of E. coli RNR 
YD tyrosine 160 of the D2 polypeptide in PSII 
YZ tyrosine 161 of the D1 polypepide in PSII 
  




Several crucial proteins required for the maintenance of life on earth utilize the 
potent oxidant of tyrosyl radical in their catalytic mechanism. This free radical species can 
have devastating effects, yet nature has crafted ways to control its reactivity. The means by 
which the thermodynamics and kinetics of proton-coupled electron transfer reactions  of 
tyrosine and tryptophan are tuned is of profound importance. By utilizing biologically-
inspired peptide-based model systems, or maquettes, one can measure the effect of the 
surrounding protein environment on the reactivity of tyrosyl radicals and redox-linked 
conformational changes that result from electron transfer and proton-coupled electron 
transfer. This work utilizes a wide variety of spectroscopic, electrochemical, and 
computational tools to characterize these reactions in a library of biomimetic peptide 
models. Factors of control of tyrosine-mediated electron transfer (including electronic 
coupling to the peptide backbone, proton coupling, aromatic-aromatic interactions, and 
metal-ion effects) will be investigated. Elucidating the mechanisms of controlling these 
radicals will inform the design of catalytic devices towards the goal of artificial solar 







CHAPTER 1. INTRODUCTION 
1.1 Proton-Coupled Electron Transfer (PCET) 
1.1.1 Biological Electron Transfer (ET) and PCET Reactions 
Electron transfer (ET) is a crucial biochemical process utilized by a number of 
enzymes required to sustain life. One prototypical example of biological ET is 
photosynthetic oxygen evolution, where several, light-driven redox reactions are coupled 
to convert water into molecular oxygen by the multi-subunit enzyme photosystem II 
(PSII).1-3 In the process of DNA synthesis and repair, long-distance PCET reactions drive 
the turnover of ribonucleotides to deoxyribonucleotides in the heterodimeric protein 
ribonucleotide reducatase (RNR).4-5 Aromatic amino acid radicals within these proteins 
facilitate these ET or proton-coupled electron transfer (PCET) reactions.6-8 
 
Figure 1.1 PSII oxygen evolving complex and YZ, PDB 4UB69 
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In the case of photosystem II, the absorption of light by accessory chlorophylls 
generates a potent oxidant, P680+, which thereby oxidizes a critical tyrosine residue, YZ 
(Figure 1.1).8, 10 This essential amino acid residue7 is responsible for sequentially oxidizing 
a manganese-calcium-oxygen cluster (oxygen evolving complex, OEC)9, 11 in a stepwise 
process. After four oxidation steps, molecular oxygen is generated from the oxidation of 
water.12  
 
Figure 1.2 RNR b subunit di-iron cluster and Y122, PDB 1MXR13 
For ribonucleotide reductase, a stable tyrosyl radical (Y122O·)6  is generated by a 
di-iron cluster14 (Figure 1.2). This tightly regulated enzyme undergoes PCET over 35 Å, 
across a subunit interface facilitated by Y122O·.5 Along this PCET pathway, several 
additional tyrosine residues transfer this hole to an active site cysteine (C439) residue 
where reduction of the ribonucleotides to deoxyribonucleotides occurs.5  
The exquisite control of these highly reactive aromatic amino acid radical species 
by the surrounding protein matrix is a profound observation. This work seeks to understand 
the mechanisms by which these high potential reactions are performed in biology and the 
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means by which these proteins have evolved to be protected from deleterious side reactions 
involving these intermediates. With a better understanding of how such powerful redox 
chemistry is controlled, this work may inform design strategies for the development of 
catalytic devices.  
1.1.2 PCET of Aromatic Amino Acids As Models of Biological Electron Transfer 
When considering PCET reactions of tyrosine, three possibilities arise concerning 
the transfer of an electron and/or proton from the phenol side chain (Figure 1.3). In one 
case, the deprotonation of tyrosine can occur first to produce tyrosinate. The pKa of tyrosine 
is approximately 10.15 Tyrosinate can then undergo electron transfer (~0.7 V vs NHE)16 to 
form neutral tyrosyl radical. This process is referred to PTET, or the stepwise process of 
proton transfer followed by electron transfer. In another case, tyrosine can undergo electron 
transfer (~1.2 V vs NHE)16 to produce tyrosyl radical cation. This radical cation has a pKa 
below zero,17 and thus proton transfer can follow to, again, form neutral tyrosyl radical. 
The stepwise process of electron transfer followed by proton transfer is termed ETPT. The 
estimation of the pKa of the tyrosyl radical cation results in approximately 5 kcal/mol 
difference in energy of the PTET and ETPT paths in the square scheme in Figure 1.3, which 
should be equal18-19 using an estimation of bond dissociation energy.  It should be noted 
that the stepwise transfer of either proton or electron from tyrosine results in the generation 
of relatively high energy intermediates that are less likely to be prevalent under biological 
conditions. In either case, the biologically relevant radical is neutral.20 One way to avoid 
such high energy intermediates is the concerted transfer of protons and electrons, CPET. 
This coupled process of a proton and an electron being transferred in one step is one 
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mechanism by which biology can access the power of neutral tyrosyl radical under mild 
conditions, though at a kinetic cost.21 
 
Figure 1.3 PCET scheme of tyrosine 
Marcus Theory can predict the rate (Equation 1.1) of electron transfer.22-23  The rate 
of electron transfer (kET) is governed by the driving force (DG°), reorganization energy (l), 
the electronic coupling (VDA) between the donor (D) and acceptor (A), the Boltzmann 
constant (kB) and temperature (T). The magnitude of electronic coupling24 (Equation 1.2) 
is distance-dependent between the donor and acceptor (RDA). The protein matrix can 
modulate this donor-acceptor interaction and is represented with a decay factor (b).22-24 
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|V0|2 is defined as the maximum electronic coupling between the donor and acceptor 
wavefunctions. Marcus-like treatments have been used to understand PCET.21, 25 
 kET = {[p/(ℏ2lkBT)]}-1/2 |VDA|2 e-(DG° + l)^2 / 4lkBT (1.1) 
 
 |VDA|2 = |V0|2 e-bRDA (1.2) 
1.2 Biomimetics 
1.2.1 Protein Design 
Broadly, protein design can be viewed in two contexts. One can redesign existing 
proteins to add new functionality or expand substrate scope.26  On the other hand, one can 
explore de novo design and engineer a three-dimensional protein motif from first 
principles.26  De novo protein design is capable of elucidating structure-function 
relationships as models of existing enzymes.26  
1.2.2 Biomimetic Peptides 
In this work, a spontaneously folding beta hairpin peptide library27-34 is investigated. 
This library is designed to study the influence of non-covalent interactions on aromatic 
amino acids, tyrosine and tryptophan, and their corresponding radicals as well as metal-
binding interactions on conformation. The parent peptide sequence is Peptide A (Figure 
1.4).27-28 Peptide A is an 18-mer beta hairpin that spontaneously folds and reversibly melts. 
The sequence contains two salt bridges, D3-R16 and R8-D11, and a turn promoter, N-G, 
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in the center of the strand.27 In the core of the beta hairpin is Y5, which upon oxidation, 
engages in PCET across strand with H14 in the mid-pH range.27-28 Sequence variants of 
Peptide A are characterized in this work through a variety of spectroscopic techniques. 
 
Figure 1.4 Sequence and secondary structure of Peptide A 
1.3 UV Resonance Raman (UVRR) Spectroscopy 
UV Resonance Raman spectroscopy is a vibrational spectroscopic technique that is 
complementary to infrared spectroscopy. This incisive method can probe non-covalent 
interactions and elucidate differences with high resolution.35 Changes in redox state, 
hydrogen-bonding, or metal binding can influence the analyte spectrum. This work utilizes 
a laser wavelength on resonance with the UV absorbance of the aromatic amino acids 
within this peptide library. This is advantageous as the vibrational modes of aromatic 
amino acids are resonantly enhanced.35 Additionally, to prevent UV degradation of the 
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analyte, a microcell device recirculates the aqueous peptide sample into a focused jet 
incident with the UV probe beam.36 At 244 nm, using the second harmonic of a continuous 
wave Ar-ion laser, low background fluorescence and weak Raman scattering from water 
allows one to utilize difference spectroscopy to probe aforementioned interactions.36-38 In 
this work, at high pH and high laser power, tyrosine/tyrosinate photolysis can be induced 
(Figure 1.5) and compared to a low power probe of the singlet state.30  
 
Figure 1.5 Representative high power UVRR spectrum of Peptide M at pH 11 
1.4 Electron Paramagnetic Resonance (EPR) Spectroscopy 
EPR spectroscopy is a powerful magnetic resonance technique for studying protein 
radicals.39 In a magnetic field, the absorption of microwave light by paramagnetic species 
can be measured. In this work, spin ½ radicals are generated by UV photolysis using the 
fourth harmonic of a pulsed NdYAG laser source. At low temperature and in frozen 
aqueous solution using prior methods,27 the EPR spectrum of aromatic amino acid radicals 
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can be measured. 20, 40  This spectrum (Figure 1.6) is influenced by coupling of the unpaired 
electron with nearby nuclei and is distinct between tyrosine and tryptophan and amongst 
different pH conditions. Perturbations of the radical environment can yield differences in 
intensity, lineshape, or g-value.39   
 
Figure 1.6 Representative EPR spectrum of tyrosine at pH 9 
1.5 Transient Absorption Spectroscopy (TRAS) 
Transient absorption spectroscopy, or time-resolved absorbance spectroscopy, 
operates on a pump-probe basis and, in this work adapted from prior methods41, is capable 
of measuring picosecond kinetics of the decay of photogenerated radicals and excited states 
of tyrosine31-32 and tryptophan. A regeneratively-amplified Ti:Sapphire laser provides the 
source of the pump beam as well as the probe beam (Figure 1.7). The majority of the 800 
nm laser output is guided into an optical parametric amplifier (OPA) as the pumping 
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source. The fourth harmonic of the OPA is generated as 280 nm (referred to as pump beam). 
Less than 5% of the original 800 nm beam is directed to a mechanical delay stage to offset 
the beam in both space and therefore time. This delayed beam is focused onto a CaF2 crystal 
to generate a white light continuum (WLC, 350-750 nm) and is focused on the sample 
(referred to as probe beam). The sample is flashed with the pump beam and then with the 
probe beam and the light is collected via a fiber optic cable lead to a CMOS sensor . The 
use of a chopper allows data acquisition with and without the 280 nm pump beam and a 
difference spectrum is generated to display the transient spectra (represented as Delta 
Absorbance or Delta Optical Density). With each time point collected, the mechanical 
delay stage is moved to elongate the beam path, thus separating the pump and probe beams 
in time. To prevent UV degradation of the samples, a magnetic stir bar was utilized within 
the cuvette. 
 
Figure 1.7 Schematic of TRAS instrument 
1.6 Overview of Thesis 
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In Chapter 232, the picosecond kinetics of the formation decay of photogenerated 
tyrosyl radicals and tyrosine/tyrosinate excited states in tyrosine-containing, PSII-inspired, 
beta hairpin peptides were measured using TRAS. The absorption of tyrosyl radical was 
monitored at 410 nm, S1 excited state of tyrosine/tyrosinate was monitored at 520 nm, and 
the solvated electron was monitored at 650 nm. Three models were compared: aqueous 
tyrosine/tyrosinate, Peptide A, and Peptide C. Peptide A was engineered with a Y5 – H14 
cross strand interaction that can conduct PCET in the mid-pH range. Peptide C is a H14Cha 
mutant of the Peptide A sequence and cyclohexylalanine (Cha) is not capable of conducting 
PCET with Y5. Both electron transfer (pL 11) and proton-coupled electron transfer (pL 9) 
were accelerated compared to model tyrosinate/tyrosine. This was interpreted as increased 
electronic coupling by the peptide backbone to rationalize the increase in ET and PCET 
rate. D2O exchange did not significantly alter the rates, thus there was no significant solvent 
isotope effect measured in the peptides. At pL 9, the PCET rate was decreased upon 
H14Cha mutation suggesting that Cha increases the reorganization energy of the reaction. 
In PSII, a non-essential, but long-lived tyrosyl radical, YD, is hydrogen-bonded to H189. 
Mutations at H189 have been shown to decrease the rate of YD• decay. The alterations of 
decay kinetics in mutants of Peptide A are reminiscent of YD in PSII and suggest that H189 
mutations can alter the reorganization energy and thus decrease the CPET rate of YD. 
In Chapter 329, prior UVRR studies of Peptide A and Peptide C were shown to 
undergo conformational changes taking place upon oxidation of tyrosine. Characteristic 
changes in the UVRR difference spectra of the peptides were observed in the amide II’ 
region in different redox states of tyrosine. These bands were previously attributed to a 
reversible conformational change in the peptide backbone secondary structure. Molecular 
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dynamics simulations of Peptide A and Peptide C investigated three different charge states 
of Y5: tyrosine (YH), tyrosinate (Y-), and neutral tyrosyl radical (Y•). The simulations 
revealed that Peptide A-YH and Peptide A-Y- states retained the beta hairpin secondary 
structure and maintained Y5-H14 non-covalent interactions, while the Peptide A-Y• state 
was unstable and lead to an unfolding of the peptide. In the simulations of Peptide C, both 
Peptide C-Y- and Peptide C-Y• were unstable. These results suggest the Y5-H14 p-p 
interaction stabilize the secondary structure of Peptide A-Y•. The simulations were 
consistent with the UVRR experiments. 
In Chapter 433, a beta hairpin peptide, Peptide M, was characterized as a model of 
RNR Y122O• and W48. In Peptide M, a cross-strand interaction between Y5 and W14 was 
engineered into the parent Peptide A sequence as a tyrosine-tryoptophan dyad. The NMR 
structure of Peptide M indicates that no direct hydrogen bond exists between the phenol 
(Y5) and indole (W14) rings. Electronic coupling between Y5 and W14 was detected. 
Additionally, downshifted ring and C-O UVRR frequencies were measured in the radical 
state of Peptide M. Peptide M is the first model to account for similarly downshifted bands 
in the UVRR spectrum of the RNR b2 subunit. These results are consistent with charge 
transfer from tyrosyl radical to tryptophan or another nearby residue and implies a role for 
the Y-W dyad in RNR electron transfer.  
In Chapter 5, the Y-W dyad in Peptide M was further investigated. A hypochromic 
effect in the UV absorbance of Peptide M and an excitonic coupling signal were observed 
in the peptide. Spectral shifts in the singlet, excited (W*) and fluorescence emission 
spectrum were observed. A sequence variant of Peptide M was engineered, Peptide MW, 
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whereby the Y5-W13 dyad was formed diagonally across the strand as a perturbation of 
the Y5-W14 dyad of Peptide M. This sequence variation distorts the backbone of Peptide 
MW in MD simulations. Picosecond decay of W* was measured using TRAS and is similar 
in the peptides, but accelerated compared to aqueous amino acid solutions. Alterations of 
the Peptide MW W* transient spectra are consistent with increased conformational 
flexibility of the peptide. EPR spectra of Peptide M and Peptide MW following UV 
photolysis reveal the formation of tyrosyl and tryptophan radical species at 160 K. The 
radical photolysis yield is decreased in Peptide M and Peptide MW at pH 9 compared to 
aqueous amino acid controls. This protective effect is not observed at pH 11, nor in peptide 
sequences lacking the YW dyad. The protective effect by the dyad is attributed to an 
increase in the recombination rate of the radical and solvated electron and is facilitated by 
hydrogen-bonding interactions in the peptide. These interactions lower the barrier for 
PCET at pH 9. These results suggest more broadly that YW dyads in oxidoreductases may 
promote radical quenching under oxidative stress. 
In Chapter 6, histatin-5 (Hst5), a salivary immune peptide was characterized 
spectroscopically. Hst5 is an intrinsically disordered, antimicrobial protein capable of 
binding zinc, copper, and nickel. Intrinsically disordered proteins are inherently 
challenging to study as their structures adopt an ensemble of conformations in solution. 
Hst5 is disordered in aqueous solution and adopts a helical conformation in non-aqueous 
solvent. UVRR and CD spectroscopy detect metal-binding interactions in Hst5. 
Characteristic UVRR shifts of histidine vibrational modes confirm the binding of zinc. 
Upon binding of zinc, nearby tyrosine ring modes are downshifted indicating a pKa shift. 
Zinc and copper binding in Hst5 is perturbed in the H18A/H19A mutant as measured by 
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CD and UVRR spectroscopy. Hst5 H18A/H19A has been shown to reduce antifungal 
activity. Sequence variants of Peptide A were engineered with zinc binding sites inspired 
by Hst5 and reproduce similar spectroscopic characteristics of metal-protein interactions. 
This work illustrates that a combination of spectroscopic techniques identifies low affinity 
metal-binding in disordered peptides and suggest a role of zinc in the antimicrobial 
properties of Hst5. 
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 Photosystem II (PSII) and ribonucleotide reductase employ oxidation and reduction 
of the tyrosine aromatic ring in radical transport pathways. Tyrosine-based reactions 
involve either proton-coupled electron transfer (PCET) or electron transfer (ET) alone, 
depending on the pH and the pKa of tyrosine’s phenolic oxygen. In PSII, a subset of the 
PCET reactions are mediated by a tyrosine−histidine redox-driven proton relay, YD 
His189. Peptide A is a PSII- inspired β-hairpin, which contains a single tyrosine (Y5) and 
histidine (H14). Previous electrochemical characterization indicated that Peptide A 
conducts a net PCET reaction between Y5 and H14, which have a cross-strand π−π 
interaction. The kinetic impact of H14 has not yet been explored. Here, we address this 
question through time-resolved absorption spectroscopy and 280-nm photolysis, which 
generates a neutral tyrosyl radical. The formation and decay of the neutral tyrosyl radical 
at 410 nm were monitored in Peptide A and its variant, Peptide C, in which H14 is replaced 
by cyclohexylalanine (Cha14). Significantly, both electron transfer (ET, pL 11, L = 
lyonium) and PCET (pL 9) were accelerated in Peptide A and C, compared to model 
tyrosinate or tyrosine at the same pL. Increased electronic coupling, mediated by the 
peptide backbone, can account for this rate acceleration. Deuterium exchange gave no 
significant solvent isotope effect in the peptides. At pL 9, but not at pL 11, the reaction rate 
decreased when H14 was mutated to Cha14. This decrease in rate is attributed to an 
increase in reorganization energy in the Cha14 mutant. The Y5−H14 mechanism in Peptide 
A is reminiscent of proton- and electron-transfer events involving YD-H189 in PSII. These 
results document a mechanism by which proton donors and acceptors can regulate the rate 




Proton-coupled electron transfer (PCET) and electron-transfer (ET) reactions play 
a critical role in a number of biologically important processes, such as DNA synthesis, 
respiration, and photosynthesis. These reactions can be mediated by redox-active aromatic 
amino acids, such as tyrosine and tryptophan, which serve as charge carriers in the radical 
transport pathway1-5.	For example, tyrosine is known to facilitate high- potential PCET 
reactions in ribonucleotide reductase (RNR) and photosystem II (PSII).6-7 In this article, 
we use the term PCET to refer to any reaction in which an electron and proton are 
transferred, regardless of mechanism. The biologically relevant PCET and ET processes 
occur in complex biomolecules. Biomimetic modeling of these reactions is helpful, because 
model compounds provide a structurally tractable system in which to study mechanism. In 
the examination of tyrosine-based PCET and ET, a wide variety of useful model 
compounds and biomimetic approaches has been reported.8-20  
UV photolysis can be used to ionize tyrosine or tyrosinate. Previous studies of 
phenol and tyrosine in aqueous solution showed that UV photoexcitation leads to the 
production of a neutral phenoxyl radical and a solvated electron.21-26 Production of the 
neutral tyrosyl radical is expected in aqueous solutions because of the low pK value (−2) 
of the tyrosyl radical.23 In gas-phase, phenol–water clusters, a net hydrogen-atom transfer 
occurs, with water functioning as the proton acceptor.21, 27 At pH 9, the phenolic oxygen of 
tyrosine is protonated, and oxidation and reduction of tyrosine after UV photolysis occur 
as PCET, forming a neutral tyrosyl radical.23, 28 At pH 11, the phenolic oxygen of tyrosinate 
is deprotonated, and oxidation and reduction of tyrosinate, through the neutral tyrosyl 
radical, occurs as ET after photolysis.  
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 According to the Marcus equation (Equation 2.1),4, 29 the electron-transfer (ET) rate 
is dependent on driving force (ΔG°), reorganization energy (λ), and electronic coupling 
between donor (D) and acceptor (A) (VDA). Electronic coupling (Equation 2.2)30, in turn, 
depends exponentially on the distance between donor and acceptor (RDA) with a decay 
factor (β) that is influenced by the medium (e.g., protein matrix).4, 29-30 |V0|2 in Equation 2.2 
is the maximum electronic coupling. A Marcus-type formalism has also been used to 
rationalize the rate of hydrogen-atom transfer and PCET reactions.31-32 
 kET = {[p/(ℏ2lkBT)]}-1/2 |VDA|2 e-(DG° + l)^2 / 4lkBT (2.1) 
 
 |VDA|2 = |V0|2 e-bRDA (2.2) 
 
 Noncovalent interactions between tyrosine and its protein environment are known 
to alter the kinetics and thermodynamics of tyrosine-based PCET and ET. For example, 
the hydrophobic environment in the tyrosine-containing peptide α3 shifts the midpoint 
potential of tyrosine and gives rise to reversible redox reactions,33 which are not observed 
for tyrosine/tyrosinate in solution.34 Further, in PSII, there are two redox-active tyrosines, 
YZ and YD, with different potentials and radical lifetimes, mediated by alterations in the 
environment.7 
 To describe factors that alter the rate of tyrosine-based PCET and ET reactions, we 
have studied β-hairpin models. Previous electrochemical studies of a β-hairpin, Peptide A 
(IMDRYRVRNGDRIHIRLR, Figure 2.1), , showed that this peptide conducts a net 
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orthogonal PCET reaction. When tyrosine (Y5) is oxidized in a physiological pH range, 
the pKa of histidine (H14) increases dramatically.17 The NMR structure of Peptide A 
(Figure 2.1A) reveals that this peptide forms a β-hairpin. Y5 and H14 have a cross-strand, 
π–π stacked interaction but are not directly hydrogen-bonded in the averaged, minimized 
structure.16 
 
Figure 2.1 Primary sequences and secondary structures of (A) Peptide A and (B) 
Peptide C. Three-dimensional, (A) averaged, and minimized structure of Peptide A 
was determined by NMR spectroscopy and reported previously.16 
The effect of H14 on tyrosyl radical kinetics has not yet been investigated in the β-
hairpin model system. Also, the mechanism of the PCET reaction in Peptide A is not 
known. Recently, we employed time-resolved absorption spectroscopy (TRAS) in an initial 
study of the picosecond reaction dynamics of Peptide A tyrosyl radical.8 In our TRAS 
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studies, photolysis of either tyrosine or Peptide A with a 280-nm femtosecond pulse yielded 
a short-lived excited state (S1) with a pH-dependent absorption spectrum.8 A narrow band 
at ∼410 nm and a broad band at ∼600 nm, assigned to the neutral tyrosyl radical and 
solvated electron, respectively, were also observed. These spectral assignments agree with 
previous time-resolved studies of phenol and phenolate.13, 35 In our previous work, the 
decay profiles of all three species (S1 state, tyrosyl radical, and solvated electron) were fit 
with biexponential kinetics. When the peptide was compared to model tyrosine (pH 9) or 
tyrosinate (pH 11), the decay of the S1 state, the tyrosyl radical, and the solvated electron 
were accelerated in the peptide. This acceleration was observed at pH 9 and 11 and was 
attributed either to increased electronic coupling or to specific noncovalent interactions in 
the peptide. 
 To distinguish these possibilities and to assess any effect of H14 on the kinetics of 
tyrosyl radical decay, here, we present TRAS experiments on Peptide C in H2O and D2O 
buffers (Figure 2.1B). Peptide C (IMDRYRVRNGDRIChaIRLR, Figure 2.1) is a sequence 
variant of Peptide A in which H14 is substituted by a cyclohexylalanine (Cha). Cha14 is 
not active in proton transfer.17 The Peptide C variant was shown to form a stable β-hairpin 
by circular dichroism (CD). Comparison of Peptide C results to Peptide A data supports 
the conclusion that electronic coupling influences the PCET rate. Importantly, H14 is 
observed to accelerate the PCET reaction, but not the ET reaction. 




Boric acid (99% purity), HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid, 99.5%], sodium hydroxide (99.5%), and tyrosine (99.9%) were purchased from 
Sigma (St. Louis, MO). d,l-Dithiothreitol (DTT, 99.5%) was purchased from MP 
Biomedicals (Santa Ana, CA). Deuterium oxide (D2O, 99.9%) and sodium deuteroxide 
(NaOD, 99.5%) were purchased from Cambridge Isotope Laboratories (Andover, MA). 
Peptide A (IMDRYRVRNGDRIHIRLR) and Peptide C (IMDRYRVRNGDRIChaIRLR) 
were synthesized by solid-state synthesis and were purchased from Genscript (Piscataway, 
NJ; >95% purity).16-17 The pL values (where L refers to the lyonium ion) in D2O buffers 
are reported as the uncorrected meter readings, because of the compensating effects of D2O 
on the pKa values of acids and bases and the response of the glass pH electrode.36-37 
2.3.2 TRAS 
TRAS data were acquired with a pump–white-light-continuum probe spectroscopy 
system (HELIOS, Ultrafast Systems, Sarasota, FL)38. The system consists of a 
regeneratively amplified titanium sapphire laser (Solstice, Spectra-Physics, 800 nm, 3.7 W 
average power, 100 fs pulse width, 1 kHz repetition rate) and a computer-controlled optical 
parametric amplifier (OPA) (Spectra-Physics, TOPAS, wavelength range of 266–2600 nm, 
pulse width of ∼75 fs HW1/e) pumped by the amplified laser. The 280-nm photolysis pulse 
was generated using the fourth-harmonic output of the OPA. A white-light-continuum 
(WLC) probe beam with a spectral range of 350–750 nm was generated by focusing less 
than 5% of the 800-nm amplified beam into a CaF2crystal. The probe signal was collected 
using a fiber-optic cable coupled to a spectrometer with a multichannel CMOS 
(complementary metal–oxide–semiconductor) sensor (spectral range of 300–900 nm). The 
maximum time delay was 3.2 ns. The pump beam was chopped at 500 Hz to obtain the 
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WLC spectrum without the pump and alternately with the 280-nm pump. These data were 
used to calculate the transient spectra, represented as the changes in optical density or 
absorbance units (AU). Each transient spectrum at a given time delay was averaged for 4 
s. A chirp correction function for the WLC probe was determined using the coherent 
artifact of the organic solvent, tetrahydrofuran, and was applied to all transient spectra.39 
The excitation pulse energy was 2–3 µJ. The averaged beam waist (HW1/e) was ∼160 µm 
for the pump and ∼80 µm for the WLC probe. The optical path length of the quartz cuvette 
was 2 mm. The solutions had an optical density at 280 nm (OD280) of 0.25–0.50 in 2-mm-
path-length cuvettes and were stirred throughout data acquisition to prevent photoinduced 
degradation. The tyrosyl radical was not generated at pH values less than 9 under these 
conditions. It was reported previously that triplet-state formation is not expected in 
oxygenated samples.40 To verify the integrity of the sample, steady-state absorption spectra 
were recorded before and after the ultrafast measurements on a Shimadzu UV-3101PC 
spectrophotometer. No significant change in the steady-state spectrum was observed. Data 
were fit using IGOR 6.43A software (Wavemetrics Inc., Oswego, OR). In some cases, 
sinusoidal oscillations were observed as noise on the kinetic transients; these oscillations 
were not fit during data analysis. To verify the integrity of the sample, steady-state 
absorption spectra were recorded before and after the ultrafast measurements on a 
Shimadzu UV-3101PC spectrophotometer. No significant change in the steady-state 
spectrum was observed. Data were fit using IGOR 6.43A software (Wavemetrics Inc., 
Oswego, OR). In some cases, sinusoidal oscillations were observed as noise on the kinetic 




2.4.1 Samples and Spectroscopy 
Peptide A and Peptide C (Figure 2.1) were synthesized by solid-state synthesis. 
Previously, Peptides A and C were shown to form thermally stable β-hairpins.16-17 TRAS 
was performed using a pump–WLC probe spectroscopy system (HELIOS, Ultrafast 
Systems) described previously.38 Measurements were carried out in H2O and D2O buffers 
at pL 9 and 11. Comparing the expected differential effects of pL 9 and 11 on the peptides, 
this change titrates the phenolic oxygen of Y5 (pKa 10)41 and the amino terminus 
(pKa 9.3)42.  When tyrosine is oxidized in Peptide A, the pKa of H14 changes from 6 to 9, 
as assessed by square-wave voltammetry.16-17 Square-wave voltammetry was also used 
previously to study Peptide C. Characteristic inflection points, associated with the 
pKa shifts of H14, were absent. However, the peak potentials of Y5 in Peptides A and C 
were found to be similar at both pL 9 and 11.16-17 
2.4.2 Overview of TRAS Results 
Figure 2.2 presents spectra, derived from time-resolved measurements and acquired 
from tyrosinate and Peptides A and C in D2O buffer at pL 11. Figure 2.3 presents the 
corresponding spectra acquired from tyrosine and Peptides A and C in D2O buffer at pL 9. 
Spectra of tyrosine/tyrosinate and Peptide A in H2O buffers at pL 9 and 11 were reported 
previously.8 TRAS data derived from Peptide C in H2O buffers at pL 9 and 11 are presented 
in Figure 2.4. The formation of the S1 state, which is monitored at 520 nm, is evident in 
these spectra. Production of the tyrosyl radical (410-nm narrow band) and of the solvated 




Figure 2.2 Transient absorption spectra of (A) tyrosinate, (B) Peptide A, (C) and 
Peptide C at pL 11 (where L refers to the lyonium ion) in D2O buffer. Spectra were 
obtained (black) 2, (red) 3, (blue) 10, (green) 15, (pink) 30, (violet) 100, (orange) 500, 
(purple) 1500, and (cyan) 2000 ps after 280-nm photolysis. The spectra were averaged 
from at least three independent measurements. Analyte concentration, 1 mM; borate-




Figure 2.3 Transient absorption spectra of (A) tyrosine, (B) Peptide A, and (C) 
Peptide C at pL 9 (where L refers to the lyonium ion) in D2O buffer. Spectra were 
obtained (black) 2, (red) 3, (blue) 10, (green) 15, (pink) 30, (violet) 100, (orange) 500, 
(purple) 1500, and (cyan) 2000 ps after 280-nm photolysis. The spectra were averaged 
from at least three independent measurements. Analyte concentration, 1 mM; borate-




Figure 2.4 Transient absorption spectra of Peptide C at pL 11 (A) and at pL 9 (B) 
(where L refers to the lyonium ion) in H2O buffers. Spectra were obtained at 2 (black), 
3 (red), 10 (blue), 15 (green), 30 (pink), 100 (violet), 500 (orange), 1500 (purple) and 
2000 ps (cyan) after 280-nm photolysis. The spectra were averaged from at least three 
independent measurements. Analyte concentration, 1 mM; 5 mM borate-NaOH. 
2.4.3 TRAS Spectra at pL 11 
Spectra derived from tyrosinate in D2O buffer at pL 11 (Figure 2.2A)  were 
indistinguishable from those reported previously for tyrosinate in H2O buffer at pL 11.8 
The spectra of Peptide A and Peptide C (Figure 2.2B,C) were similar to each other in D2O 
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at pL 11 but distinct from those of tyrosinate in D2O at pL 11 (Figure 2.2A).  In the peptide 
spectra, an additional band at ∼450 nm was observed in the first 10 ps. This band might be 
due to a structural reorientation, specific to the peptides.12 This band does not complicate 
the kinetic analysis below, because the signal decayed by 10 ps and the fits to the data used 
20 ps as the initial point. 
2.4.4 TRAS Spectra at pL 9 
At pL 9 in D2O, the spectra from tyrosine, Peptide A, and Peptide C (Figure 2.3)  were not 
dissimilar and resembled data obtained in H2O at pL 9 (Figure 2.4 and reported 
previously8).  
2.4.5 Formation Profiles 
The formations of the S1 excited state, the neutral tyrosyl radical, and the solvated 
electron were monitored in all samples at 520, 410, and 650 nm, respectively. Examples 
for tyrosinate at pL 11 in H2O and D2O buffers are shown in panels A and B, respectively, 
of Figure 2.5. The formation profiles indicate that the S1 excited state and the tyrosyl 
radical are fully formed in 4 ps whereas the fully solvated electron is formed in 10–15 ps. 
Other samples gave similar results (data not shown). The formation profiles in Figure 2.5 
illustrate that the signals from the S1 state, the tyrosyl radical, and the solvated electron do 




Figure 2.5 Formation kinetics obtained after 280-nm photolysis of tyrosinate at pL 11 
in (A) H2O and (B) D2O buffers. In each sample, the absorption of the neutral tyrosyl 
radical was monitored at 410 nm (green), the absorption of the S1 excited state was 
monitored at 520 nm (pink), and the absorption from the solvated electron was 
monitored at 650 nm (black). The data were averaged from at least three independent 
measurements. The averaged data were normalized with respect to the maximum 
absorbance, which occurred at ∼3–4 ps at 410 and 520 nm and at ∼15 ps at 650 nm. 
Analyte concentration, 1 mM; buffer, borate-NaOH/NaOD, 5 mM. 
2.4.6 Kinetics at pL 9: PCET 
Figure 2.6 (left)  presents the decay kinetics of the tyrosyl radical (410 nm, A), the 
S1 excited state (520 nm, B), and the solvated electron (650 nm, C) in tyrosine, Peptide A, 
and Peptide C in D2O buffer at pL 9. Kinetic data acquired in H2O buffers at pL 9 are 
shown in Figure 2.7 (left) At this pL, the radical reduction reaction, monitored at 410 nm, 
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involves both proton and electron transfer. The decay profiles were fit starting at 20 ps, 
based on analysis that showed that the signals do not begin to decay until this time point 
(see Figure 2.5 and discussion above). The decay profiles were fit well with biphasic 
kinetics, as assessed by the residuals (Figure 2.6 and 2.7) and χ2 values (Table 2.1). We 
attribute the biphasic kinetics to the presence of multiple conformational states in 
tyrosine/tyrosinate and in the peptides.43 Inspection of the decay profiles, time constants, 
and amplitudes suggests that the decay of the tyrosyl radical, the S1 excited state, and the 
solvated electron is accelerated in the peptides relative to tyrosine/tyrosinate. For example, 
in D2O, when Peptides A and C are compared to tyrosine, the fast phase of tyrosyl radical 
decay has similar time constants in all three samples (τ1/2 = 13–22 ps), but the amplitude 
of the fast phase was increased in Peptide A. In addition, a change in the slow phase was 
observed in the peptides, corresponding to an increased decay rate. A similar result was 




Figure 2.6 Decay kinetics, derived from tyrosine and peptides in D2O buffers, after 
280-nm photolysis at (A–C) pL 9 (open circles) or (D–F) pL 11 (open squares). 
Samples were tyrosine/tyrosinate (green), Peptide A (orange), or Peptide C (blue). In 
each sample, (A,D) the absorption of the neutral tyrosyl radical was monitored at 410 
nm, (B,E) the absorption of the S1 excited state was monitored at 520 nm, and (C,F) 
the absorption from the solvated electron was monitored at 650 nm. Double-
exponential fits (starting from 20 ps) are superimposed as solid lines, and the solid 
circles and squares are the corresponding residuals. Fitting parameters are presented 
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in Table 2.1. The data were averaged from at least three independent measurements. 
The averaged data were normalized with respect to the maximum absorbance, which 
occurred at ∼3–4 ps at 410 and 520 nm and at ∼10–15 ps at 650 nm. Analyte 
concentration, 1 mM; borate-NaOD, 5 mM. 
 
Figure 2.7 Decay kinetics, derived from tyrosine and peptides in H2O buffers, after 
280-nm photolysis at (A–C) pL 9 (open circles) or (D–F) pL 11 (open squares). 
Samples were tyrosine/tyrosinate (green), Peptide A (orange), or Peptide C (blue). In 
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each sample, (A,D) the absorption of the neutral tyrosyl radical was monitored at 410 
nm, (B,E) the absorption of the S1 excited state was monitored at 520 nm, and (C,F) 
the absorption from the solvated electron was monitored at 650 nm. Double-
exponential fits (starting from 20 ps) are superimposed as solid lines, and the solid 
circles and squares are the corresponding residuals. Fitting parameters are presented 
in Table 2.1. The data were averaged from at least three independent measurements. 
The averaged data were normalized with respect to the maximum absorbance, which 
occurred at ∼3–4 ps at 410 and 520 nm and at ∼10–15 ps at 650 nm. Analyte 
concentration, 1 mM; 5 mM borate-NaOH. 
Table 2.1 Kinetic Parameters derived from tyrosine, tyrosinate, Peptide A, and 
Peptide C 
 t1 A1 (%) t2 A2 (%) y0 (%) c2 
pL 9 
Tyrosine       
410 nm 
(H2O) 













Table 2.1 continued 
520 nm 
(D2O) 








30 ± 10 0.10 (11) 869 ± 35 0.27 (29) 0.56 (60) 0.011
5 
       
Peptide A       
410 nm 
(H2O) 









Table 2.1 continued 
520 nm 
(H2O) 












49 ± 9 0.20 (22) 626 ± 18 0.34 (38) 0.36 (40) 0.020
3 
       
Peptide C       
410 nm 
(H2O) 





Table 2.1 continued 
410 nm 
(D2O) 
















40 ± 8 0.16 (18) 695 ± 22 0.28 (31) 0.46 (51) 0.011
1 





Table 2.1 continued 
410 nm 
(H2O) 

























Table 2.1 continued 
Peptide A       
410 nm 
(H2O) 

























Table 2.1 continued 
Peptide C       
410 nm 
(H2O) 




















94 ± 5 0.39 (42) 1095 ± 56 0.12 (13) 0.41 (45) 0.010
4 
ay = y0 + A1exp{-(x-x0)/ t1}  + A2exp{-(x-x0)/ t2}; A = Amplitude, t = time constant (ps), 
x0 = 20 ps. The transients were normalized with respect to the maximum absorbance in 
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each averaged data set, which occurs ~ 3-4 ps at 410 and 520 nm and ~ 10-15 ps at 650 
nm, before fitting with Igor Pro 6.34A software (Wavemetrics Inc., Lake Oswego, OR). 
bKinetic parameters for tyrosine and Peptide A in H2O were obtained from previous work.8 
 The substitution of Cha for H14 was observed to decrease the reduction rates at pL 
9. Similar effects were observed when the decays of the S1 state, the tyrosyl radical, and 
the solvated electron were monitored (Figures 2.6 and 2.7). In Peptide A in H2O buffer, the 
decay of tyrosyl radical was described with two time constants, 16 ± 3 ps (30% of the 
amplitude) and 600 ± 37 ps (38%)  (Table 2.1). In Peptide C in H2O buffer, the fast phase 
had a smaller amplitude and the nondecaying component had a larger amplitude relative to 
Peptide A. These effects rationalize the overall observed decrease of the rate when Peptide 
C and Peptide A are compared. In D2O buffer at pL 9, the Cha14 mutation also significantly 
decreased the amplitude of the fast phase and increased the amplitude of the non-decaying 
component, relative to Peptide A, resulting in an overall lower reaction rate. 
2.4.7 Kinetics at pL 11: ET 
Figure 2.6 (right) presents the decay kinetics of the tyrosyl radical (410 nm, D), the 
S1 excited state (520 nm, E), and the solvated electron (650 nm, F) in tyrosinate, Peptide 
A, and Peptide C in D2O buffer at pL 11. Kinetic data acquired in H2O buffers at pL 11 are 
shown in Figure 2.7 (right). At this pL, the radical reduction reaction, monitored at 410 
nm, involves only ET, because the pH is above the pKa of the phenolic oxygen. 
Biexponential fits to the decay profiles are reported in Table 2.1. For model tyrosinate in 
H2O, the first time constant is derived as 23 ± 2 ps, which is 38% of the amplitude, and the 
second time constant is derived as 500 ± 59 ps, which is 21% of the amplitude. Again, 
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decay of the tyrosyl radical was accelerated in the peptide samples relative to that in model 
tyrosinate. This is evident in the biexponential fits to the data, which show, for example, 
an increased contribution from the fast phase in Peptides A and C relative to that in 
tyrosinate (Table 2.1). Interestingly, at this pL, the kinetic data in Figure 2.6 and 2.7 and 
the fits in Table 2.1 show that the H14-to-Cha14 substitution has no significant effect on 
the reaction rate. We conclude that, whereas the PCET reaction rate is sensitive to H14 
substitution, the ET reaction rate is not. 
2.4.8 Solvent Isotope Effects 
Exchange into D2O was used to measure the solvent isotope effect on decay kinetics 
(Figures 2.8, 2.9, and 2.10). The effects of D2O on the rates of tyrosyl radical, S1 excited 
state, and solvated electron decay are complex when judged from the amplitudes and time 
constants in the biexponential fits. These detailed effects are presented in Table 2.1. As a 
simpler method of assessing the impact of D2O, the effect of solvent isotope exchange on 
the percentage of the signal decaying by the 2-ns time point was determined (Table 2.2). 
Comparison of pL 9 and 11 identifies the solvent isotope effects (SIEs) specific for PCET 




Figure 2.8 Decay kinetics, derived from model tyrosine and tyrosinate, after 280-nm 
photolysis. The samples were (A–C) tyrosine (pL 9, open circles) or (D–F) tyrosinate 
(pL 11, open triangles) in H2O (dark green) or D2O (light green). The solid lines are 
the superimposed double-exponential fits (starting from 20 ps). Fitting parameters 
are presented in Table 2.1. The data were averaged from at least three independent 
measurements. The averaged data were normalized with respect to the maximum 
absorbance in each averaged data set. Analyte concentration, 1 mM; borate-
NaOH/NaOD, 5 mM. Data for tyrosine at pH 9 and 11 are reproduced from a 
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previous report. The notation inside the panels uses pH to refer to pL in H2O buffer 
and pD to refer to pL in D2O buffer. 
 
Figure 2.9 Decay kinetics, derived from Peptide A, after 280-nm photolysis. The 
sample was (A–C) pL 9 (open circles) or (D–F) pL 11 (open squares) in H2O (dark 
orange) or D2O (light orange). The solid lines are the superimposed double-
exponential fits (starting from 20 ps). The data were averaged from at least three 
independent measurements. The averaged data were normalized with respect to the 
maximum absorbance in each averaged data set. Analyte concentration, 1 mM; 
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borate-NaOH/NaOD, 5 mM. Data for Peptide A at pL 9 and 11 in H2O buffer are 
reproduced from a previous report. 
 
Figure 2.10 Decay kinetics in the picosecond to nanosecond regime, acquired after 
280-nm photolysis of Peptide C at pL 9 (A-C, open circles) or pL 11 (D-F, open 
squares). Samples were suspended in H2O (dark blue, pH) or in D2O (light blue, pD) 
buffers. The solid lines are the superimposed double exponential fits (starting from 
20 ps). Fitting parameters are presented in Table S1. The data were averaged from 
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at least three independent measurements. The averaged data were normalized with 
respect to the maximum absorbance in each averaged data set. Analyte concentration, 
1 mM; buffer, 5 mM borate-NaOH/NaOD. 
Table 2.2 Solvent Isotope Effect (SIE) on the Decays of the Tyrosyl Radical (410 nm), 
the S1 Excited State (520 nm), and the Solvated Electron (650 nm) at pL 9 and pL 11a 
 % Overall 
Decay2 
SIE2 % Overall 
Decay2 
SIE2 
   
 pL 9 pL 11 
Tyrosine/Tyrosinate     
410 nm (H2O) 23.9 0.54 59.7 1.41 
410 nm (D2O) 44.2  42.2  
520 nm (H2O) 43.1 0.86 70.4 1.08 
520 nm (D2O) 50.2  64.7  




Table 2.2 continued 
650 nm (D2O) 42.4  42.4  
     
Peptide A     
410 nm (H2O) 75.0 1.09 79.6 1.09 
410 nm (D2O) 69.0  72.9  
520 nm (H2O) 74.8 0.95 86.5 1.10 
520 nm (D2O) 78.5  78.4  
650 nm (H2O) 61.1 0.98 65.3 1.10 
650 nm (D2O) 62.1  59.6  
     




Table 2.2 continued 
410 nm (H2O) 57.3 1.12 87.0 1.20 
410 nm (D2O) 51.3  72.4  
520 nm (H2O) 65.4 1.08 84.2 1.06 
520 nm (D2O) 60.2  79.4  
650 nm (H2O) 53.5 1.02 68.1 1.20 
650 nm (D2O) 52.5  56.7  
a Values derived from the decay profiles of tyrosine, Peptide A, and Peptide C at pL 9 and 
11. Data from tyrosine and Peptide A in H2O were reported previously.8 
bPercent overall decay (POD) evaluated at the 2-ns time point, SIE = 
POD(H2O)/POD(D2O). 
The SIE for model tyrosine and tyrosinate is presented in Table 2.2. The 
corresponding data are presented in Figure 2.8. Considering the effect on tyrosyl radical 
decay (as monitored at 410 nm), an inverse isotope effect is observed for PCET at pL 9 
(SIE = 0.54) but not ET at pL 11 (SIE = 1.41). At pL 9, small inverse isotope effects were 
also observed for the decay of the S1 excited state (SIE = 0.86) and of the solvated electron 
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(SIE = 0.77). At pL 11, the SIE values for the S1 excited state and solvated electron were 
close to one (1.22–1.08). 
The SIEs on decay profiles derived from Peptides A and C are also presented in 
Table 2.2. The corresponding data are presented in Figure 2.9 (Peptide A) and Figure 2.10 
(Peptide C). For tyrosyl radical decay through PCET at pL 9, SIE values close to one (1.09–
1.12) were measured in both peptides. A similar result was obtained for tyrosyl radical 
decay by ET at pL 11 in the peptides. SIE values close to one (0.95–1.2) were also 
measured for the decays of the S1 excited state and solvated electron in both peptides and 
at both pL values (Table 2.2). We conclude that there is a negligible SIE on decay kinetics 
in the peptide samples. 
2.5 Discussion 
In this study, we investigate the formation and decay of the neutral tyrosyl radical, 
S1 excited state, and solvated electron on the picosecond to nanosecond time scale after 
photoionization. By monitoring the absorption at different wavelengths, the kinetic 
contributions of the tyrosyl radical, the S1 excited state, and the solvated electron can be 
monitored independently. 
2.5.1 Formation of Neutral Tyrosyl Radical, the S1 Excited State, and the Solvated 
Electron 
After UV photolysis, the S1 excited state and the tyrosyl radical are fully formed at 
∼4 ps, and the signal from the solvated electron is fully formed at ∼15 ps. These formation 
times agree with results obtained previously in aqueous phenolate.13 In that work, the 
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solvated electron signal was formed in 15 ps, and the neutral phenoxyl radical signal grew 
in at ∼3 ps. In a recent study35 of aqueous phenol, a 400-nm signal from a neutral radical 
was reported to be produced by 200 fs. A 425-nm signature of a protonated phenoxyl 
radical was also detected, but this signal decayed on the subpicosecond time scale.35 This 
time scale is not accessible in our experiment, and the 425-nm signature of the protonated 
tyrosyl radical was not detected here. 
2.5.2 Mechanism of Tyrosyl Radical Formation 
The mechanism of photoionization of tyrosine/tyrosinate and phenol/phenolate is 
an area of active investigation.13, 22, 24, 26, 35, 40, 44-48 When photoexcited to the S1 excited 
state, electron ejection is one of the relaxation processes available.13, 35 The yield of the 
triplet state due to intersystem crossing was reported to be low.13 Photoionization has been 
attributed to a reaction on the excited-state surface with a mechanism that depends on the 
excitation wavelength.13, 24, 40, 44, 47, 49-51 For example, using 266-nm excitation in phenolate, 
the precursors of the radical were proposed to be the vibrationally excited S1 state and the 
relaxed S1 state.13  For phenol in aqueous solution, the mechanism of phenoxyl radical 
formation has been attributed to a photoinduced autoionization process on the excited-state 
surface, followed by a rapid deprotonation. For aqueous phenol, the same photoproducts 
were observed with 200- and 267-nm excitation wavelengths but with different formation 
times. The 200-nm yield of neutral phenoxyl radical was reported as 13% at 800 ps; the 
267-nm yield of radical was reported as 13% at 13 ns.35 No SIE was observed for the 
formation of products at 267 nm. In this previous study at 267 nm, no spectral signatures 
attributable to phenoxyl radical or solvated electron were observed at times less than 1 ns. 
However, under the conditions employed here, which use a much lower concentration of 
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analyte and 280-nm excitation, the yield of neutral tyrosyl radical is complete in 
approximately 4 ps. 
2.5.3 Summary of Results Concerning Decay Kinetics 
In the studies reported here, recombination between the tyrosyl radical and the 
solvated electron occurs on the picosecond to nanosecond time scale. At pL 9, the transfer 
of the electron is accompanied by transfer of a proton in a PCET reaction. At pL 11, ET 
occurs, forming tyrosinate. In tyrosine, but not in tyrosinate, the decay of tyrosyl radical 
was accompanied by an inverse isotope effect. The decays of the S1 state and solvated 
electron also exhibited inverse SIE values in tyrosine, but not in tyrosinate. In both Peptides 
A and C, the tyrosyl radical reduction rate at pL 9 (PCET) was significantly decreased 
compared to that at pL 11 (ET). This effect was also observed when model tyrosine at pL 
9 was compared to tyrosinate. No significant SIE was found on any of the decay reactions 
in the peptide samples. We report that the rate of tyrosyl radical decay is increased in both 
peptides compared to that in model tyrosine/tyrosinate. Corresponding increases were 
observed in the rates of decay of the S1 excited state and solvated electron. Finally, at pL 
9, we found that the reaction rate was altered when H14 in Peptide A was replaced with 
Cha in Peptide C. ET rates at pL 11 were insensitive to this substitution, implying that the 
mutation alters the PCET reaction mechanism but not the ET reaction mechanism. 
2.5.4 Mechanism of the Tyrosyl-Radical PCET Reaction 
The decay of tyrosyl radical at pL 9 is an orthogonal PCET reaction, in which the 
radical recombines with the solvated electron. In model tyrosine solutions, the source of 
the proton is the borate buffer (pKa = 9.2). In the averaged, minimized structure of Peptide 
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A, there is no direct hydrogen bond between Y5 and H14. Instead, Y5 makes a short 
hydrogen bond to R16. Structural dynamics in Peptide A can be assessed in a preliminary 
fashion by examining distances in the 20 lowest-energy structures.52 When examining the 
ensemble, Y5 and H14 sample distances of less than 3 Å in a significant number of these 
structures; hydrogen bonds to arginine are formed in most of the remaining set. However, 
all intramolecular hydrogen bonds in the peptide compete with hydrogen-bonding 
interactions with solvating water. Therefore, in Peptide A, the source of the proton in the 
PCET reaction is likely to be either histidine or borate buffer, in competing proton-donation 
pathways. In Peptide C, H14 is not present, and borate buffer is expected to be the proton 
donor. 
PCET reactions can proceed by three different mechanisms (Figure 2.11): proton 
first (PTET), electron first (ETPT), and a concerted pathway (CPET) in which electron and 
proton are transferred through the same transition state and no intermediate is produced.1, 
53-54 A PTET mechanism seems unlikely for the reactions studied here, given the low 
pKa value of the tyrosyl radical.23 Also, the generation of a protonated tyrosyl cation radical 
is spectroscopically distinguishable from that of the neutral tyrosyl radical,26, 35, 55-56 and 




Figure 2.11(A–C) Mechanisms for tyrosyl radical reduction by PCET: (A) ETPT (ET 
is rate-limiting), (B) ETPT (PT is rate-limiting), and (C) CPET. (D) Overview of 
PCET for tyrosyl radical (Y•) decay, corresponding to stepwise ETPT (top to right), 
concerted PT and ET (CPET, diagonal), or stepwise PTET (top to bottom). 
For the ETPT mechanism, there are two possibilities (Figure 2.11); either electron 
transfer or proton transfer can be rate-limiting. However, rate-limiting proton transfer 
seems unlikely. For ETPT, there will be a favorable driving force for proton transfer at pL 
9, once the tyrosyl radical is reduced to tyrosinate (pKa 10). Also, for ETPT with a rate-
limiting PT step, a solvent isotope effect and an increase in rate at low pH values are 
expected; neither result was obtained in our study. Therefore, an ETPT mechanism with a 
rate-limiting proton-transfer step seems improbable. 
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This leaves two possible mechanisms (Figure 2.11): ETPT, in which electron 
transfer is rate-limiting, and CPET, in which proton and electron are transferred through 
the same transition state with no intermediate. For rate-limiting ET, solvent isotope effects 
are expected to be small, as observed in this study. However, while the ETPT mechanism, 
with ET rate-limiting, can account for the lack of a solvent isotope effect, this mechanism 
cannot readily account for the decrease in rate when the pH decreases or for the effect of 
the H14-to-Cha14 mutation. 
Therefore, a CPET mechanism seems the most likely explanation for these data. 
This coupled mechanism (Figure 2.11) can account for the effect of the H14-to-Cha 
mutation (see below) and the decrease of the rate at pL 9 compared to pL 11. The slowing 
of the CPET reaction at pL 9 relative to ET at pL 11 is explained by the higher solvent 
reorganization energies32, which are known to determine the rates of CPET reactions57-59. 
Note that the question of the expected pH dependence of CPET reactions is complex and 
has been much discussed.60-65 
Although detailed theoretical treatments have been applied to CPET reactions,57, 66-
70 a Marcus-type treatment has also been used.31-32 Employing a Marcus-type treatment and 
assuming a CPET mechanism, the accelerating effect of H14 on the reaction can be 
rationalized. The electron acceptor, the neutral tyrosyl radical, is the same in both Peptides 
A and C. Further, the Y5 peak potentials are similar in Peptides A and C.16-17 Also, the 
distances for proton and electron transfer to tyrosyl radical are assumed to be comparable 
in the two peptides, because these reactions involve the solvated electron and solvating 
borate buffer in both cases. However, note that H14 can function as a proton donor to 
tyrosyl radical in some members of the dynamic ensemble. The pKa values of the primary 
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proton donors (borate buffer and histidine) are similar in the two peptide samples. The 
pKa of borate buffer is 9.2; the pKa of H14 has been modeled as ∼9 in the tyrosyl radical 
state of Peptide A.17 Based on this predicted pKa value, H14 is expected to be protonated 
in approximately one-half of the tyrosyl-radical-containing sample at pL 9. 
Based on these considerations and assumptions, we propose that H14 increases the 
rate by decreasing the reorganization energy necessary for CPET in Peptide A. This can be 
rationalized with a microscopic explanation that proposes two roles for H14 in CPET. In a 
subset of molecules in the dynamic ensemble, H14 serves as a direct proton donor to the 
Y5 tyrosyl radical. In this subset, H14 and Y5 radical are within hydrogen-bonding 
distance. In other members of the ensemble, in which Y5 radical is closer to R16, H14 
facilitates proton transfer through hydrogen-bonded water molecules to the Y5 tyrosyl 
radical. The imidazolium cation is known to form strong hydrogen bonds as a proton donor 
to water.71-72 Therefore, protonated H14 will facilitate proton transfer through these 
adjacent water molecules to the tyrosyl radical. Substitution of Cha at position 14 
eliminates both of these interactions and thus decreases the rate of CPET in Peptide C. 
Providing precedent for this interpretation, a site-directed mutation in an enzyme, 
methylamine dehydrogenase, has been shown to decrease reorganization energy for ET by 
changing the position of bound water molecules.73 
2.5.5 Decay Kinetics of the S1 State and the Solvated Electron Correlate with Tyrosyl 
Radical Kinetics 
The decay rates of the S1 excited state and the solvated electron correlate with the 
alterations observed in the rate of tyrosyl radical decay under different conditions and in 
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different samples. A correlation between the kinetics of the solvated electron and tyrosyl 
radical is expected because the mechanism of decay involves their recombination.13, 35 
Assuming that ionization to form the radical is fast and rate-limiting, the correlation with 
S1 decay kinetics is due to competition of radical generation with parallel decay pathways. 
As tyrosyl radical decay slows, S1 decay slows, because the rate-limiting step in excited-
state deactivation has decreased in rate. 
2.5.6 Comparison of ET and PCET Decay Rates at pL 9 and 11 
In all samples examined here, the rates of tyrosyl radical reduction, S1 decay, and 
solvated electron decay were decreased at pL 9 relative to those at pL 11. The driving 
forces for the reaction at pL 9 and 11 differ. However, as we previously discussed,8 when 
this factor is considered, ET rates are actually predicted to be higher at pH 9. Therefore, 
changes in the driving force alone do not account for this observation. This acceleration is 
observed both in Peptide A and Peptide C and thus seems to be independent of noncovalent 
interactions with the tyrosyl radical. Indeed, the same decrease in low-pH rate is observed 
in model tyrosine. Another possibility is that the protonation of the amino terminus has an 
electrostatic effect, decreasing the rate of electron transfer at pH 9. However, the 
expectation would be that the presence of the positive charge on the tyrosine amino group 
or peptide amino terminus would increase the reduction rate of the radical.18 Considering 
all of these factors, our interpretation is that the decrease of the rate at pL 9 is due to the 
increase in solvent reorganization energy, which is known to accompany a CPET reaction 
but is not associated with ET at pL 11. 
2.5.7 Solvent Isotope Effects 
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CPET reactions can be accompanied by substantial solvent isotope effects. 
However, solvent isotope effects for CPET reactions are variable and have been shown to 
depend on donor–acceptor distance58, 74-78 and driving force.64, 74, 79-80 Previous work 
showed that CPET reactions can be accompanied by small or insignificant solvent isotope 
effects under some conditions.11, 32 Therefore, our results on the peptides, which had SIE 
values of approximately 1 at pL 9, can be rationalized by a CPET mechanism with a 
negligible SIE. However, more experiments are necessary to address this point. 
One intriguing result presented here concerns the inverse SIE in model tyrosine at 
pL 9. This observation distinguishes the tyrosine CPET mechanism from the Peptide C 
mechanism, although the sources of electron (solvated electron) and proton (borate buffer) 
are the same. An inverse isotope effect can be caused by an inverse fractionation factor, 
favoring the X–D bond.37 Reactions involving metal-bound water molecules or cysteine 
side chains are known to have low reactant-state fractionation factors81  and can give rise 
to inverse solvent isotope effects, but neither explanation can rationalize the results 
obtained here. Other possible explanations for inverse solvent isotope effects are low-
barrier hydrogen bonds, which can exhibit a preference for deuterium82 and a decrease in 
reaction entropy, caused by a change in hydrogen bonding, solvation, and librational 
frequencies.83 
 At pL 9, model tyrosine experiences intramolecular interactions between the π 
electrons of the phenol ring and the protonated amino terminus.84 This interaction is likely 
to persist in the radical state of model tyrosine. This change in hydrogen-bonding 
interaction is a key distinguishing feature when tyrosine and the peptides are compared and 
might account for the unique, inverse SIE in tyrosine. Note that no SIE was observed in a 
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recent report concerning aqueous phenol photoionization.35 Because phenol lacks the 
terminal amino group of tyrosine, that previous report supports the interpretation that the 
inverse isotope effect in tyrosine results from a phenolic–ammonium group interaction. We 
hypothesize that the phenolic–ammonium group interaction produces a low reactant-state 
fractionation factor. The inverse SIE is not observed at pL 11; this would be expected 
because the amino group is not protonated at this pL value. As precedent for this 
interpretation, a low fractionation factor and an inverse isotope effect were observed in the 
methanolysis and hydrolysis of β-lactams in a β-lactamase. This result was attributed to the 
interaction of an active-site tyrosine with two lysine-derived ammonium groups.85 
2.5.8 Electronic Coupling Increases the Rate of Tyrosyl Radical Reduction in Peptides A 
and C 
The results presented here confirm that the rates of the PCET and ET reactions are 
increased in peptides, regardless of a change in sequence, relative to those in model 
tyrosine/tyrosinate. This supports our earlier suggestion8 that an increase in electronic 
coupling, mediated by the peptide backbone, may increase the rates of ET and PCET 
reactions. This explanation was based on previous reports showing that the peptide bond 
can increase coupling for ET reactions (reviewed in refs 86-87). However, an additional rate 
effect due to a change in reorganization energy cannot be ruled out at this time. 
2.5.9 Peptide Conformational Changes Associated with PCET 
Our previous UV Raman results provided evidence that PCET in Peptides A and C 
is accompanied by a redox-induced conformational change.12 This change was detected as 
a loss of amide II intensity in D2O buffers, which was associated with radical formation 
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and was more pronounced for Peptide A at pL 9 than at pL 11. This spectral change was 
also observed in Peptide C at pL 9 but not at pL 11. This result was attributed to a partial 
loss of β-strand character in the radical state of the peptides. Importantly, the 
conformational change was found to be reversible.12 This conformational change could 
alter the distance between H14 and Y5. However, the possibility of this structural 
rearrangement does not alter our interpretation of the mechanism or of the impact of H14. 
H14 remains in close structural proximity to Y5 in the radical state, as judged by the effect 
of Y5 oxidation on the pKa value of H14.16-17 
2.5.10 Comparison to CPET in PSII 
Our results suggest that specific donor–acceptor interactions can increase the rate of 
a CPET reaction through a decrease in reorganization energy. This result has important 
implications for understanding PCET in complex enzymes and has an interesting parallel 
in PSII mechanism. In PSII, a long-lived YD radical, located on position Y160 of the D2 
subunit, is hydrogen-bonded to His189 in D2.7 Proton transfer from YD radical to His189 
occurs and was observed as infrared-detectable changes in the N–H stretching bands of the 
imidazole side chain.88 In parallel with the results reported here, mutations at His189 were 
shown to decrease the rate of tyrosyl radical decay (at pH 7.5). These rate changes were 
partially reversed by chemical complementation with imidazole. A subsequent pH study 
and proton inventory showed that this YD radical reduction reaction occurs by a CPET 
mechanism at pH values greater than 7.5. 36, 89 At low pH, the rate of YD radical reduction 
increases, and the reaction converts to a PTET mechanism.89 Fits to the proton inventory 
data (at pL 8) suggested that the YD CPET reaction is mediated by two proton-transfer 
pathways. One involves a single proton, which might originate from His189, and the 
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second involves multiple protons, which might originate from water.36 This interpretation 
of the PSII data is similar to the mechanism proposed here for CPET in Peptide A. This 
comparison suggests that mutations at His189 can decrease the YD CPET rate through an 
alteration in reorganization energy. 
2.6 Conclusions 
We found that CPET and ET reactions in the maquettes are facilitated by electronic 
coupling in the peptide backbone. Although there is no significant SIE on CPET in the 
peptides, CPET in model tyrosine proceeds with an inverse solvent isotope effect. A 
comparison of Peptides A and C yields new information concerning the mechanism of 
PCET in Peptide A and the kinetic consequences of H14 and its cross-strand interaction 
with Y5. These results rationalize and parallel previous observations concerning a His-Tyr 
pair in PSII. 
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Tyrosine-based radical transfer plays an important role in photosynthesis, 
respiration, and DNA synthesis. Radical transfer can occur either by electron transfer (ET) 
or proton coupled electron transfer (PCET), depending on the pH. Reversible 
conformational changes in the surrounding protein matrix may control reactivity of radical 
intermediates. De novo designed Peptide A is a synthetic 18 amino-acid β-hairpin, which 
contains a single tyrosine (Y5) and carries out a kinetically significant PCET reaction 
between Y5 and a cross-strand histidine (H14). In Peptide A, amide II′ (CN) changes are 
observed in the UV resonance Raman (UVRR) spectrum, associated with tyrosine ET and 
PCET; these bands were attributed previously to a reversible change in secondary structure. 
Here, we use molecular dynamics simulations to define this conformational change in 
Peptide A and its H14-to-cyclohexylalanine variant, Peptide C. Three different Y5 charge 
states, tyrosine (YH), tyrosinate (Y–), and neutral tyrosyl radical (Y·), are considered. The 
simulations show that Peptide A-YH and A-Y– retain secondary structure and noncovalent 
interactions, whereas A-Y· is unstable. In contrast, both Peptide C-Y– and Peptide C-Y· 
are unstable, due to the loss of the Y5-H14 π–π interaction. These simulations are 
consistent with previous UVRR experimental results on the two β-hairpins. Furthermore, 
they demonstrate the ability of simulations using fixed-charge force fields to accurately 
capture redox-linked conformational dynamics in a β-strand peptide. 
3.2 Introduction 
Photosynthesis, respiration, and DNA synthesis involve essential electron transfer 
(ET) reactions. When these reactions operate at high potential, aromatic amino acids can 
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play important roles in the mechanism. Redox-active tyrosine residues are known to be 
catalytically important in cytochrome c oxidase,1-2 ribonucleotide reductase (RNR),3 
photosystem II (PSII),4-5 and other enzymes, such as prostaglandin H synthase,6 galactose 
oxidase,7  glyoxyl oxidase,8 and Mycobacterium tuberculosis catalase-peroxidase.9 
Tyrosine side chains can participate in ET reactions either by tunneling or by hopping 
(multistep tunneling) mechanisms (reviewed in refs 10-12). For outer sphere reactions, 
Marcus ET theory13  predicts the dependence of the electron transfer rate (kET) on 
temperature (T), driving force (ΔGo), nuclear reorganization energy (λ), and the electronic 
coupling (HAB) between the reactants and products.  
The pKa of the tyrosine phenolic group is approximately 10,14 while the pKa of the 
phenolic group is below zero after oxidation of tyrosine.15 Therefore, oxidation of tyrosine 
forms a neutral radical both at low and high pH. When the pH is above the pKa of tyrosine 
(>10, Figure 3.1), oxidation of tyrosine proceeds by an ET reaction.16  When the pH is 
below the pKa, (<10, Figure 3.1), oxidation occurs via a proton coupled electron transfer 
(PCET) reaction, yielding both an electron and a proton. The PCET reaction can occur by 
three distinct mechanisms, proton first (PTET), electron first (ETPT), or a coupled 
movement of proton and electron (CPET) through the same transition state. The factors 
that control PCET reactions have been the focus of theory and experiment in a wide variety 




Figure 3.1(A) Tyrosine and its PCET reaction to form a neutral tyrosyl radical and 
(B) tyrosinate and its ET reaction to form a neutral tyrosyl radical. The reaction in 
(A) occurs at pL/pD 8.5; the reaction in (B) occurs at pL/pD 11 (L is the lyonium ion). 
In the investigation of ET and PCET mechanisms, peptides provide simple, water-
soluble scaffolds. The use of unnatural amino acids in these scaffolds opens up new 
avenues for chemistry. The construction and study of such peptide models or maquettes 
has provided valuable insight into biological reactions (for previous examples, see refs 18-
30). 
To model tyrosine-based PCET in a β-hairpin, an 18-amino-acid sequence, Peptide 
A (Figure 3.2C), which contains a single tyrosine (Y5) and a histidine (H14),25, 27  was 
synthesized and characterized. The NMR structure of the peptide was determined, and it 
was shown that the peptide folds to form a β-hairpin. The Y5 and H14 are π–π stacked but 
not hydrogen bonded in the averaged, minimized structure.31 Electrochemical data are 
consistent with a PCET reaction between histidine and tyrosine, when the tyrosyl radical 
is generated in the mid-pH range from singlet tyrosine. Oxidation of tyrosine results in a 
 
 72 
change in histidine pKa, which leads to a proton transfer to the imidazole side chain. This 
reaction has been shown to be kinetically important in time-resolved absorption 
measurements on the picosecond time scale.32-33  Interestingly, UV resonance Raman 
(UVRR) studies, which maintained the oxidized state for orders of magnitude greater time 
scales, have suggested that the tyrosine PCET/ET reaction is accompanied by a reversible 
conformational change, attributed to a loss of β-strand interactions in Peptide A.34 While 
the change could be observed in Peptide A either at pD 8.5 or 11, in a variant of Peptide 
A, in which H14 is replaced with cyclohexylalanine (Cha14, Peptide C, Figure 3.2D), the 
amide II′ bands were only detected at the lower pD value. Previous CD studies showed that 




Figure 3.2 UVRR difference spectra, primary sequences, and predicted secondary 
structures. UVRR difference spectra (radical-minus-singlet) acquired from (A) 
tyrosine, pD 8.5, or (B) tyrosinate, pD 11 solution. Sequences and predicted fold of 
Peptide A (C) and its His14 to Cha14 variant, Peptide C (D). UVRR difference spectra 
(radical-minus-singlet) acquired from (C) Peptide A-YH at pD 8.5 (I) or Peptide A-
Y– at pD 11 (II) and from (D) Peptide C-YH at pD 8.5 (I) or Peptide C-Y– at pD 11 
(II). The difference spectra were calculated as radical-minus-singlet. A 244 nm 
Raman probe beam was utilized. The data are reproduced from ref 34. 
The potential contribution of protein motions in ET and PCET reactions has been 
discussed extensively.11, 17, 35-38 Here, we investigate those motions using molecular 
dynamics simulations. In the simulations, we observed redox-induced conformational 
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changes in two β-hairpin maquettes, Peptide A and Peptide C, which rationalize 
experimental spectroscopic data. 
3.3 Methods 
3.3.1 Molecular Dynamics Simulations 
The three-dimensional, averaged, and minimized structure of Peptide A (sequence 
IMDRYRVRNGDRIHIRLR), determined by NMR spectroscopy,31 was used as an initial 
structure. In Peptide A, H14 is singly protonated at the epsilon nitrogen. Because this 
histidine has an estimated pKa of 7.0 when Y5 is in a reduced state and 8.0 when Y5 is in 
an oxidized, radical state,25 roughly 3% of His14 in Peptide A-YH and 25% of His14 in 
Peptide A-Y· are doubly protonated at pD 8.5 in the UVRR experiments. Therefore, we 
also built a system in which H14 is doubly protonated.  
 Peptide C was built by replacing H14 with cyclohexylalanine (Cha14). For each 
variant, three different conditions were simulated to observe the conformational change 
and stability depending on the charge state of Y5. We denote these charge states Peptide 
A/C-YH (tyrosine), Peptide A/C-Y– (charged tyrosine, tyrosinate), and Peptide A/C-Y· 
(neutral tyrosyl radical) based on the charge state of Y5 (see Figure 3.1). 
Because parameters for the tyrosyl radical are not present for the CHARMM 
protein force field, we optimized the partial atomic charges for this residue using the Force 
Field Toolkit in VMD.39-40 A reduced model for the side chain, truncated at CG (see  Figure 
3.3) , was used. We fitted the interaction energies with water molecules in molecular 
dynamics to those in quantum chemical calculations, as is standard in the CHARMM force 
 
 75 
field.41 Because the restricted open-shell approach was shown to be more accurate than the 
unrestricted one for phenoxyl radical calculations with MP2 and HF methods,42 this 
approach was used for geometry optimization of the radical state and for determining the 
interaction energies with water molecules. The geometry was optimized at the ROMP2(6-
31G*) level of theory and the interaction energies with water molecules were calculated at 
the ROHF(6-31G*) level of theory. Gaussian09 was used for all QM calculations.43 Only 
the charges of the phenol group were modified; the resulting MM interaction energies with 
water were within 0.2 kcal/mol of the target QM energies, as recommended for CHARMM 
parameters.41 The resulting charges for Y·, shown in Table 3.1 and Figure 3.3, produce an 
electrostatic potential qualitatively similar to one previously determined based on hybrid-
functional calculations using B3LYP/6-311++G(3df,2p).25  
 





Table 3.1 Partial Atomic Charges of the Side Chain of YH/Y–/Y·a 

































a The charges for YH and Y– are directly taken from CHARMM36. 
All peptide models were solvated with TIP3P water and ions to neutralize the 
system in 100 mM NaCl. The initial size of the periodic box was 55 × 55 × 51 Å, providing 
20–30 Å between periodic images of the protein in all three directions. Each system was 
minimized for 1000 steps, and the solvent was equilibrated while the peptide backbone was 
restrained for 2 ns. All analysis was done on 200-ns unrestrained production runs. 
Molecular dynamics simulations were carried out with NAMD44 using the CHARMM36 
force field45. A 2-fs time step was used. Bonded and short-range nonbonded interactions 
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were calculated every time step, while long-range electrostatics were calculated every other 
time step using the particle-mesh Ewald (PME) method.46 The long-range cutoff was set 
to 12 Å with a potential-based switching function starting at 10 Å. The temperature was 
maintained at 300 K using Langevin dynamics, and the pressure was kept constant at 1 atm 
using the Langevin piston method. System setup and analysis were performed in VMD.40 
3.3.2 UV Resonance Raman Spectroscopy 
The 18-mer peptides were synthesized by solid state synthesis and were obtained 
from Genscript USA Inc. (Piscataway, NJ) or New England Peptide (Gardner, MA). 
Samples were suspended in a D2O buffer containing 5 mM sodium borate and N-
cyclohexyl-3-aminopropanesulfonic acid (CAPS), pD 11, or 5 mM N-tris(hydroxymethyl)-
methyl-3-aminopropanesulfonic acid (TAPS), pD 8.5, to give 1 mM solutions. The pD is 
reported as the uncorrected meter reading because the small solvent isotope effects on weak 
acid pKa values are compensated for by the D2O-induced changes in the response of the 
glass electrode.47-48 The use of D2O buffer is necessary to observe the amide II′ band, which 
results from uncoupling of the ND stretch and CN stretch of the amide bond. The frequency 
of the amide II′ band is sensitive to secondary structure.34  
Spectra were obtained at room temperature using a 244 nm probe beam generated 
from an intracavity frequency-doubled argon ion laser (Cambridge LEXEL 95, Fremont, 
CA). The method has been described previously.34, 49 The probe was coupled to a Raman 
microscope (Renishaw inVia, Hoffman Estates, IL) equipped with UV-coated, deep 
depletion charge-coupled device. The sample (1 mL) was recirculated at a rate of 4.5 
mL/min using a peristaltic pump and a focused jet to prevent UV degradation of the sample.  
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The radical was generated by UV photolysis with increasing power of the probe 
beam, described previously. The high power-minus-low power (radical-minus-singlet) 
difference spectrum was obtained by subtracting an averaged 340 µW from an averaged 
3.4 mW scan. A total of 16 low-power scans (240 s) and 8 high-power scans (120 s) were 
averaged from an 8 mL sample. Previous control experiments have shown that the peptide 
mass is not altered by procedure. Additional details of the experimental procedures have 
been described previously.34 
3.4 Results 
3.4.1 Samples and UV Resonance Raman Spectroscopy 
For Peptides A and C, three charge states of the tyrosine side chain were considered. 
In the first, predominant at pD 8.5, Y5 is in the protonated form (YH). In the second, 
predominant at pD 11, the Y5 side chain is anionic (Y–). In the third, the tyrosine side chain 
is oxidized by one electron and deprotonated, forming a neutral radical (Y·) at both pD 
values. 
Figure 3.2A,B presents UVRR difference spectra, associated with oxidation of 
tyrosine/tyrosinate model compounds to form a neutral tyrosyl radical. The data were 
obtained at two different pD values in D2O buffer. These different spectra are associated 
with the generation of the radical by UV photolysis under continuous illumination.34, 50 
With UV laser probes, the vibrational spectrum of phenolic compounds is resonantly 
enhanced.51 Assignments of the tyrosine, tyrosinate, and tyrosyl radical spectra have been 
established by previous experimental and theoretical work.50, 52-53 Tyrosine or tyrosinate 
oxidation leads to spectral changes including a decrease in the frequency of the Y8a ring 
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stretching mode and a dramatic increase in the frequency of the CO stretching mode. 
Positive bands reflect unique bands of the radical state; negative bands reflect unique bands 
of the starting, singlet YH or Y– state. At pD 8.5 (Figure 3.2A), characteristic negative 
bands of tyrosine at 1174, 1207, and 1610 cm–1 were observed; characteristic positive 
bands of tyrosyl radical were observed at 1408, 1516, and 1572 cm–1. The spectrum at pD 
11 (Figure 3.2B) is similar to the spectrum acquired at pD 8.5, except for the expected shift 
of the Y8a ring stretching mode to 1602 cm–1, due to deprotonation of the side chain.50, 54 
See refs for reviews of normal mode assignments.50, 52-53  
UVRR difference spectra were also obtained from Peptides A and C at pD 8.5 
(Figure 3.2C, I, and D, I). At this pD value, both peptides are in the YH state. The spectrum 
derived from Peptide A-YH  (Figure 3.2C, I) contains negative bands at 1441 and 1472 
cm–1, which are not observed in tyrosinate or tyrosine model compound  (see Figure 
3.2A,B) Previous work has established that these negative bands are assignable to amide 
II′ bands.34 These bands are negative due to a loss of Raman intensity in the radical state 
with 244 nm excitation. This loss of intensity was attributed previously to a red shift of the 
UV electronic spectrum of the peptide backbone.34 Such a red shift can be associated with 
a loss of β-strand structure,55-56 which is driven by the YH to Y· reaction in Peptide A. 
Negative amide II′ bands are also observed in the Peptide A-Y–spectrum at pD 11, 
indicating that the putative change in structure may also occur in the Y– to Y· reaction. 
However, for Peptide C  (Figure 3.2D, I and II), the amide II′ bands are not observed at pD 
11 (Y– to Y·), although the bands are present at pD 8.5 (YH to Y·). This result implies that 
the YH to Y· reaction causes a conformational change in Peptide C, but that the Y– to Y· 
reaction does not result in the same hydrogen bonding rearrangement in Peptide C. 
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3.4.2 Molecular Dynamics Simulations 
We focus our analysis and presentation on β-hairpin stability and its dynamics to 
provide a detailed view of molecular interactions and structural information probed in the 
CD and UVRR experiments presented above. The conformational stability of the β-hairpin 
conformation of Peptide A and Peptide C and their variants was examined for three 
independent conventional MD simulations and one accelerated MD simulation of each 
system, giving a total of 7.0 µs for all simulations reported here. The below figures include 
the number of interchain backbone hydrogen bonds, radius of gyration, and distance 
between Y5 and residue 14 (histidine or cyclohexylalanine). The data are reported for all 
simulation runs on Peptide A and Peptide C in their three charge states: YH, Y–, and Y·. 
Although the Y· state is extremely short-lived in vitro (picoseconds), it is maintained in 
the UVRR experiments for time scales exceeding those of the simulations.  
3.4.3 Simulations of Peptide A 
To describe the model’s conformational dynamics, the per-residue secondary 
structure assignment as a function of time was examined over the entire simulation. Figure 
3.4A shows that Peptide A-YH retained its β-hairpin structure, i.e., the secondary structure 
of residues 4–7 and 12–15 exhibited no change in two out of three runs. In run 3, although 
Peptide A-YH lost β-sheet structure after 50 ns, it did not unfold but rather showed a 
propensity to recover its β-hairpin structure, preserving a long β-turn in the middle. 
Similarly, two out of three runs for Peptide A-Y– were consistent with a stable β-hairpin 




Figure 3.4 Time evolution of secondary-structure assignment per residue of Peptide 
A charge states for all three runs. Extension of the first run to 400 ns is presented in 
Figure 3.5. The legend at the bottom uses DSSP classification as implemented in 
Stride57 where T is β turn, E is β sheet, B is β bridge, H is α helix, G is 310 helix, I is π 
helix, and C is unstructured coil. (A) Peptide A-YH. (B) Peptide A-Y–. (C) Peptide A-
Y·. 
In contrast to Peptide A-YH and A-Y–, Peptide A-Y· was observed to unfold, with 
loss of β-hairpin structure in all three runs (see Figures 3.4C and 3.6). However, during the 
first 50 ns of run 3, the peptide retained some β-bridge structure, interstrand hydrogen 
bonds, a stable Y5-H14 distance, and a relatively low radius of gyration. Retention of the 
overall fold immediately after radical generation is consistent with time-resolved 
absorption experiments on the 20-ps to 2-ns time scale, which have been used to study 
tyrosyl radical PCET in these peptides.32-33  However, the peptide reaches the unfolded 
state on time scales greater than 50 ns, in agreement with the longer-time-scale UVRR 
experiments, supporting the experimental implication that oxidation of tyrosine results in 
a conformational transition from β-strand to extended form in Peptide A. Because we 
 
 82 
estimate ∼3% of His14 is doubly protonated when Y5 is in a reduced state and ∼25% is 
doubly protonated when Y5 is in a radical state, we also simulated Peptide A-YH and 
Peptide A-Y· with a charged His14 for 200-ns each. Similar to their neutral His14 variants, 





Figure 3.5 Time evolution of secondary-structure assignment per residue of Peptide 
A charge states for the first run extended to 400ns. The legend at the bottom uses 
DSSP classification as implemented in Stride where T is β turn, E is β sheet, B is β 
bridge, H is α helix, G is 310 helix, I is π helix, and C is unstructured coil. (A) Peptide 




Figure 3.6 Examples of observed structures of (A) Peptide A-YH, (B) Peptide A-Y–, 
and (C) Peptide A-Y· from run 1 of each. 
 
Figure 3.7 Protonated His14 variants. (A,B) Time evolution of secondary-structure 
assignment per residue of (A) Peptide A-YH and (B) Peptide A-Y•. (C) Number of 
backbone hydrogen bonds vs. time for Peptide A-YH (blue) and Peptide A-Y• 
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(maroon). (D) Radius of gyration vs. time for Peptide A-YH (blue) and Peptide A-Y• 
(maroon). (E) Distance between Y5/Y• and H14 vs. time for Peptide A-YH (blue) and 
Peptide A-Y• (maroon). 
Because the 200 ns simulations may not be converged, we took two alternative 
approaches. First, we extended one of the three runs for an additional 200 ns (400 ns total). 
Shown in Figure 3.5, Peptide A-YH switches from a predominantly β-strand to β-turn 
structure after approximately 250 ns, while Peptide A-Y– and Peptide A-Y· remain the 
same. Second, we ran 300 ns accelerated MD (aMD) simulations, in which a “boost” 
potential is applied to enhance sampling of high-energy configurations.58 The probability 
of the number of native hydrogen bonds was determined after reweighting the trajectories 
(see Figures 3.8 and 3.9).  Peptide A-YH had the highest average number of backbone 
hydrogen bonds (6.7 out of a possible 8), while Peptide A-Y– and Peptide A-Y· had 
averages of 2.9 and 3.7, respectively. Although the average number of hydrogen bonds for 
Peptide A-Y· is apparently increased relative to Peptide A-Y–, we note that the probability 
for more than 4 hydrogen bonds is predicted to be zero only for Peptide A-Y· (see Figure 
3.9).  However, given that a few samples dominate the probability distribution after 
reweighting (see Figure 3.9) , a known problem,59-60 the aMD simulations are also unlikely 




Figure 3.8 aMD trajectories. For each system, number of hydrogen bonds (top) and 
aMD boost (∆V) values (bottom) were calculated every 10 ps. Peptide A-YH and 
Peptide C-YH are shown in red. Peptide A-Y– and Peptide C-Y– are shown in green. 




Figure 3.9 aMD trajectory weights, unweighted distributions, and reweighted 
distributions. (Diamonds) Weights, wi calculated for all aMD trajectory points. (Solid 
lines) Unweighted probability distributions for each aMD trajectory. (Dashed lines) 
Peptide A-YH and Peptide C-YH are shown in red. Peptide A-Y– and Peptide C-Y– 
are shown in green. Peptide A-Y• and Peptide C-Y• are shown in blue. 
Analyses of backbone hydrogen bonding support the results of the secondary 
structure analysis and are consistent with a redox-induced change in the Peptide-A β-
hairpin. Figure 3.10A shows that interstrand hydrogen bonds are stable, enabling Peptide 
A-YH and Peptide A-Y– to remain folded in a β-hairpin conformation during their entire 
trajectory, while there were almost no interstrand hydrogen bonds for Peptide A-Y· after 
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100 ns (see Figure 3.10A, red). This result is further supported by analysis of the radius of 
gyration (Rg), which is an indicator of compactness of a protein (see Figure 3.10B). Peptide 
A-YH and Peptide A-Y– remained compact, with Rg values that did not change by more 
than 2 Å from their native state. The folded-to-unfolded state transition of Peptide A-Y· is 
characterized by a significant increase in Rg (see Figure 3.10B, red). This increase 
in Rg after 75 ns reflects the structural changes associated with the loss of backbone 




Figure 3.10 Structural parameters measured during simulations of Peptide A. In all 
panels, black curves are from run 1 of Peptide YH, green from Peptide A-Y–, and red 
from Peptide A-Y·. Other runs are presented in Figure 3.11, 3.12, 3.13. (A) Number 
of backbone hydrogen bonds for each Peptide-A variant. (B) Radius of gyration. (C) 




Figure 3.11 Number of backbone hydrogen bonds for each Peptide-A variant. In each 
panel, the three colors denote three independent runs. (A) Peptide A-YH. (B) Peptide 
A-Y–. (C) Peptide A-Y•. 
 
Figure 3.12 Radius of gyration for each Peptide-A variant. In each panel, the three 
colors denote three independent runs. (A) Peptide A-YH. (B) Peptide A-Y–. (C) 
Peptide A-Y•. 
 
Figure 3.13 Distance between Y5/Y–/Y• and H14 for each Peptide-A variant. In each 
panel, the three colors denote three independent runs. (A) Peptide A-YH. (B) Peptide 
A-Y–. (C) Peptide A-Y•. 
We hypothesized that the stabilities of Peptide A-YH and Peptide A-Y– are a result 
of the π–π interaction between Y5/Y5– and H14. Consistent with this hypothesis, over most 
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of the simulation period, the distance between Y5/Y5– and H14 remained within 5–10 Å 
(see Figure 3.10C, black/green), due to a parallel-offset (more common) or perpendicular 
T-shaped (less common) stacking arrangement as seen in Figure 3.14. However, the 
distance between these two residues for Peptide A-Y· increases to greater than 10 Å as the 
peptide begins to unfold, consistent with a loss of the noncovalent interaction (see Figure 
3.10C, red). Loss of this interaction is driven by unfavorable interaction energies between 
the two side chains; the energies for one instance of parallel-offset stacking are −0.8 
kcal/mol for Peptide A-YH, −1.5 kcal/mol for Peptide A-Y–, and +0.8 kcal/mol for Peptide 
A-Y· (all in identical conformations). 
 




3.4.4 Simulations of Peptide C 
 
Figure 3.15 Time evolution of secondary-structure assignment per residue of Peptide 
C charge states for all three runs. Extension of the first run to 400 ns is presented in 
Figure 3.16. The legend at the bottom uses DSSP classification as implemented in 
Stride57 where T is β turn, E is β sheet, B is β bridge, H is α helix, G is 310 helix, I is π 





Figure 3.16 Time evolution of secondary-structure assignment per residue of Peptide 
C charge states for the first run extended to 400ns. The legend at the bottom uses 
DSSP classification as implemented in Stride where T is β turn, E is β sheet, B is β 
bridge, H is α helix, G is 310 helix, I is π helix, and C is unstructured coil. (A) Peptide 
C-YH. (B) Peptide C-Y–. (C) Peptide C-Y•. 
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In Peptide C, H14 is substituted by a cyclohexylalanine (Cha14), and the π–π 
interaction between Y5 and the cross-strand imidazole side chain is not present. 
Simulations were conducted on models of Peptide C to assess its stability and to account 
for the pH dependence observed in the UVRR spectra. The simulations were consistent 
with a stable β-hairpin core in Peptide C-YH involving residues 5–8 and 11–14 (see Figure 
3.15A),  similar to the fold observed in Peptide A-YH. Even though Peptide C-YH lost its 
β-hairpin conformation after 80 ns in run 2 (see Figure 3.15B), the model reattained its β-
turn between residues 6–12 and a single backbone hydrogen bond between residue 2 and 
17 at 150 ns. The model then formed a looplike structure and finally recovered its β-hairpin 
conformation. The stability of Peptide C-YH is also evident from analysis of its hydrogen 
bonds and Rg (see Figure 3.17). Figure 3.17A shows that interstrand hydrogen bonds in the 
β-hairpin formed in the initial state are maintained during in the entire 200 ns of run 1, 




Figure 3.17 Structural parameters measured during simulations of Peptide C. In all 
panels, black curves are from run 1 of Peptide C-YH, green from Peptide C-Y–, and 
red from Peptide C-Y·. Other runs are presented in Figures 3.18, 3.19, and 3.20. (A) 
Number of backbone hydrogen bonds for each Peptide-C variant. (B) Radius of 




Figure 3.18 Number of backbone hydrogen bonds for each Peptide-C variant. In each 
panel, the three colors denote three independent runs. (A) Peptide C-YH. (B) Peptide 
C-Y–. (C) Peptide C-Y•. 
 
Figure 3.19 Radius of gyration for each Peptide-C variant. In each panel, the three 
colors denote three independent runs. (A) Peptide C-YH. (B) Peptide C-Y–. (C) 
Peptide C-Y•. 
 
Figure 3.20 Distance between Y5/Y–/Y• and Cha14 for each Peptide-C variant. In 
each panel, the three colors denote three independent runs. (A) Peptide C-YH. (B) 
Peptide C-Y–. (C) Peptide C-Y•. 
Peptide C-Y– and Peptide C-Y· showed behaviors distinct from Peptide C-YH (see 
Figure 3.15B,C). Unlike Peptide A-Y–, which maintains its secondary structure over most 
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of the simulations, Peptide C-Y– is not as stable in a β-sheet conformation. While the Y5–
Cha14 distance and radius of gyration were stable for the first few nanoseconds, large 
increases in both were observed by 35 ns  (see Figure 3.17B, C, green). Interchain hydrogen 
bonds were lost much more quickly, within 20 ns (see Figure 3.17A, green). These 
observations suggest that the lack of π–π stacking, which is present between Y– and H14 
in Peptide A-Y–, destabilizes the folded state of Peptide C-Y–. However, two of three runs 
indicate that Peptide C-Y– retains a β-turn during part of the simulation (Figure 3.15).  
A loss of the β-hairpin conformation is evident in Peptide C-Y·. This peptide 
completely loses its secondary structure within 30 ns, and never comes back to a folded β-
hairpin conformation. An increase in Rg and in the distance between Y5· and Cha14 (see 
Figure 3.17B, C, red) also indicate that Peptide C-Y· becomes extended toward the end of 
the simulation. Taken together, the simulations suggest that while Peptide C-YH undergoes 
a hydrogen bonding change upon conversion to Peptide C-Y· at pH 8.5, Peptide C-Y– does 
not. Singlet Peptide C-Y– samples nonhydrogen-bonded states, and thus the structure does 
not change substantially when compared to Peptide C-Y·, as assessed by UVRR. These 
simulations provide an explanation of the pD-dependent UVRR results presented above 
for Peptide C. Note that CD spectra derived from Peptide C exhibited negative ellipticity 
at pH 5 and 11 with a minimum wavelength similar to that of Peptide A, but with decreased 
amplitude. Thermal melting gave results suggesting a reversible unfolding transition in 
Peptide C at both pH values.27 We attribute the previous CD results to retention of a 
thermostable β-turn in Peptide C in the YH and Y– states, even though interstrand 
hydrogen-bonding distances have increased. Thus, we propose that while the UVRR 
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reflects the strength of hydrogen bonding interactions, through shifts of the UV absorption 
band, CD reflects the presence of the β-turn,61 which is partially retained in Peptide C-Y–. 
We also extended one of the three runs for each Peptide-C variant to 400 ns (see 
Figure 3.16). Peptide C-YH maintained its β-sheet structure for the entire simulation. 
Peptide C-Y– gained a folded structure for the last 150 ns, while Peptide C-Y· only 
exhibited sporadic β-turn structure. The aMD results, given in Figure 3.9, also show that 
Peptide C-Y– and Peptide C-Y· are unstable; the average numbers of backbone-hydrogen 
bonds after reweighting the 300-ns aMD simulations were 3.9 (Peptide C-YH), 0 (Peptide 
C-Y–), and 1.6 (Peptide C-Y·). Here again, we note that the probabilities tend to be 
dominated by a few rare events, as these high-energy states contribute the most during 
reweighting (see Figure 3.9).59-60  
3.5 Discussion 
The design of Peptide A was inspired by two enzymes, RNR and PSII. RNR plays a 
pivotal role in nucleic acid metabolism and cell division,62 and PCET reactions are 
important in its function.63 In class 1a RNR, found in E. coli and mammals, a long-range 
radical transfer links the essential Y122O· in the β-subunit with the active site in the α-
subunit.64-67 Tyrosine-based radical transfer is also important in PSII, which has two redox-
active tyrosines, YZ and YD, with different protein environments and different roles in 
electron transfer.4, 68 EPR experiments on YD and YZ suggest that PCET distinguishes the 
two tyrosines.47-48, 69  There are no structures available of the radical states. YZ and YD are 
oxidized on the nanosecond time scale,70 while the decay times of the radicals vary from 
microseconds (YZ) to hours or even days (YD) (reviewed in ref 71). 
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Aerobic organisms require reactions such as these, which operate at high potential, 
but they must also protect themselves from toxic side effects. There are many unanswered 
questions concerning these protective mechanisms. For example, high-potential ET and 
PCET reactions are associated with the generation of highly reactive radical intermediates, 
which can irreversibly damage polypeptides. However, proteins have evolved methods to 
protect themselves from this oxidative damage; one mechanism may involve radical 
transfer to solvent through tyrosine-tryptophan dyads.31, 72-73 In addition, the structured 
protein environment is able to extend the lifetime of radical intermediates. While the 
lifetime of tyrosyl radicals in solution is on the microsecond time scale, in proteins, these 
lifetimes can be extended to hours or days. These control mechanisms are not understood, 
but may involve modulation of water access to the tyrosyl radical site (reviewed in ref 50). 
Finally, proteins have devised mechanisms to trigger the tyrosyl radical to initiate an ET 
or PCET reaction.61-63 
In this article, we simulated a redox-driven conformational change in a tyrosine-
containing maquette, a β-hairpin peptide. Our molecular dynamics simulations provide 
evidence that oxidation of tyrosine in the β-hairpin maquettes, Peptide A-YH, Peptide A-
Y–, and Peptide C-YH is associated with a substantial change in secondary structure on the 
100 ns time scale. In comparison to the others, Peptide C-Y– is more dynamic, and 
tyrosinate oxidation in this peptide does not drive a net change in hydrogen bonding. 
Overall, the simulations provide evidence that the redox-driven conformational change in 
Peptide A is associated with a change in distance between H14 and Y5, as well as a loss of 
interstrand amide hydrogen bonding. This change in distance is induced, in part, by a loss 
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of favorable π–π stacking between H14 and Y5, due to the rearrangement of charge on the 
Y5 side chain in the radical state. 
The kinetics of PCET have also been investigated in the β-hairpin peptides, where 
tyrosyl radical formation and decay occur on the picosecond time scale. In the peptides, a 
femtosecond UV photolysis pulse was used to generate the Peptide A- or Peptide C-Y· 
state, which is formed in 3 ps. The time course of radical decay was then monitored out to 
2 ns (see Figure 3.21B).32-33 The radicals decay either by recombination with the solvated 
electron alone (ET) or by recombination with the solvated electron and a proton (PCET), 
depending on the pH. This time-resolved absorption spectroscopy has shown that the decay 
time of the tyrosyl radical is accelerated in the β-hairpin, compared to model tyrosine or 
tyrosinate in solution. This effect was attributed to increased electronic coupling in the 
peptide.32-33 The substitution of Cha14 (Peptide C) for H14 (Peptide A) was observed to 
decrease the decay rate of tyrosyl radical on this time scale at pD 9, but not at pD 11. This 
change shows that H14 is kinetically significant in the picosecond PCET reactions that 
occur at pD 9. The decrease in rate was attributed to an increase in reorganization energy 
in the Cha14 mutant.33 On the time scale of these time-resolved absorption experiments, 
the simulated unfolding reaction is not predicted to be significant in Peptides A and C. 
However, in the UVRR difference experiment, which produces a photosteady state (see 




Figure 3.21 PCET reaction schemes for tyrosyl radical generation. (A) UVRR 
experiments produce a photosteady state in a peptide sample. Tyrosyl radical is 
generated by continuous wave (CW) illumination using 244 nm illumination and 
sample circulation by a peristaltic pump. Spectral subtraction (UVhigh – UVlow) 
generates the radical-minus-singlet UVRR difference spectrum.25, 34 (B) Time-
resolved absorption spectroscopy (TRAS) generates a transient tyrosyl radical in a 
peptide sample. A femtosecond 280 nm pump and a stirred sample are used. The 
decay of radical is monitored as a transient on the picosecond time scale.25, 32-33 (C) In 
PSII, photoexcitation of chlorophyll with a visible, 532 nm pump and time-resolved 
absorption spectroscopy are used to measure the rate of electron transfer from 
tyrosine, YZ, to oxidized chlorophyll. The generation of YZ radical occurs on the 
nanosecond time scale and its reduction by the PSII oxygen-evolving complex (OEC) 
occurs on the microsecond to millisecond time scale. His190 in the D1 polypeptide is 
hydrogen bonded to YZ (PDB 4UB6).70, 74-76 
In photosynthetic water oxidation, a subset of the visible light-driven PCET 
reactions occur on the nanosecond time scale.5 For example, the oxidation of YZ by the 
primary chlorophyll donor, P680+, is multiphasic and occurs on this time scale in active, 
oxygen-evolving PSII (see Figure 3.21C).70 The reduction reaction occurs on the 
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microsecond to millisecond time scale  (Figure 3.21C). In an ETPT or PTET mechanism, 
which involves rate-limiting proton transfer mechanism, or in a coupled proton electron 
transfer, the rate of tyrosyl radical decay would be expected to decrease as distance 
increases.13, 77 Therefore, a redox-induced increase in side chain-side chain distance, as 
described here, could play a critical role in modulation of proton transfer rate on the 
hundreds of nanoseconds time scale. Note that the details of the conformational change are 
expected to be sequence and structure dependent. Future work will explore the impact of 
these factors. 
3.6 Conclusions 
Although not fully converged, the molecular dynamics simulations presented here 
provide support for the hypothesis that tyrosyl radical reactions can alter hydrogen-bonding 
interactions in proteins. In addition, critical distances between amino-acid side chains are 
shown to respond to the oxidation reaction. Such redox-coupled conformational changes 
may occur and be of significance in complex proteins. 
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CHAPTER 4. A TYROSINE–TRYPTOPHAN DYAD AND 
RADICAL-BASED CHARGE TRANSFER IN A 
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In class 1a ribonucleotide reductase (RNR), a substrate-based radical is generated in 
the α2 subunit by long-distance electron transfer involving an essential tyrosyl radical 
(Y122O·) in the β2 subunit. The conserved W48 β2 is ∼10 Å from Y122OH; mutations at 
W48 inactivate RNR. Here, we design a beta hairpin peptide, which contains such an 
interacting tyrosine–tryptophan dyad. The NMR structure of the peptide establishes that 
there is no direct hydrogen bond between the phenol and the indole rings. However, 
electronic coupling between the tyrosine and tryptophan occurs in the peptide. In addition, 
downshifted ultraviolet resonance Raman (UVRR) frequencies are observed for the radical 
state, reproducing spectral downshifts observed for β2. The frequency downshifts of the 
ring and CO bands are consistent with charge transfer from YO· to W or another residue. 
Such a charge transfer mechanism implies a role for the β2 Y-W dyad in electron transfer.  
4.2 Introduction 
The aromatic amino-acid residues, tyrosine and tryptophan, mediate high potential 
electron transfer reactions in proteins.1 For example, ribonucleotide reductase (RNR) 
employs a tyrosine-based charge relay to reduce ribonucleotides to deoxyribonucleotides.2 
The reaction is initiated by H atom abstraction at the substrate 3′-carbon; this process 
employs an active site cysteine radical in the α2 subunit. Class Ia RNRs, such as 
the Escherichia coli RNR, use a tyrosyl radical (Y122O·)-diferric cofactor in the β2 
subunit to generate the cysteine radical. The charge transfer between Y122 and C439 
occurs over 35 Å and is mediated by a conserved pathway of tyrosine side chains.3  Y122O· 
 
 111 
is required for activity4 and is formed via oxygen-requiring reactions at the diferric 
cluster.4-6  
Although there is no high-resolution structure of Y122O·-diferric β2, in structures of 
the met state (Y122OH-diferric state)7, Y122OH is buried in a hydrophobic environment 
and is ∼10 Å (Figure 4.1a) from a surface-exposed tryptophan, β2 W48. This tryptophan 
is highly conserved in class 1a β2 sequences.8 Mutations at W48 in E. coli β2 or at the 
homologous position, W103 in mouse β2 (Figure 4.1b)9, inactivate RNR.8, 10-12 This residue 
has been shown to participate in cofactor assembly.10 However, its role in proton-coupled 
electron transfer (PCET) has not been established.3 The orientations of Y122OH and W48 
in the crystal structure of the Y122OH-diferric state suggest the possibility of electronic, 
dipole–dipole interaction between the two side chains. In addition, the resonance Raman 
spectrum of Y122O· reveals downshifted CO and aromatic ring stretching frequencies. The 




Figure 4.1 The environments of redox active tyrosine residues in class 1a met β2 
subunits from E. coli and mouse RNR. The structures were generated with Pymol 
from 1MXR (E. coli, a) and 1W69 (mouse, b). In a, Y122 and W48 are shown, along 
with iron cluster ligands, D84, E115, H118, E204, E238 and H241 in E. coli. In b, Y177 
and W103 are shown, along with iron ligands D139, E170, H173, E233, E267 and 
H270 in mouse. The distance between the phenolic oxygen and the indole nitrogen is 
9.7 Å in E. coli and 9.9 Å in mouse. Primary sequences and NMR structures of Peptide 
A (c,d) and Peptide M (e,f). (d,f) The averaged, minimized NMR structures. The 
Peptide A structure was reported previously14, and the Peptide M structure is derived 
from this work. Structural analyses for the ensemble of 20 low energy NMR models 
are presented in Table 4.1 (Peptide M) and Table 4.2 (Peptide A). as well as side 




Table 4.1 Distances (Å) derived from the 20 lowest energy structural models and the 











1 6.1 9.3 9.7 9.7 10.9 
2 5.9 6.4 7.2 8.2 9.2 
3 6.2 5.4 5.2 1.5 3.1 
4 6.0 9.3 9.7 7.9 9.6 
5 6.4 2.8 3.7 1.4 3.1 
6 6.3 4.2 4.2 1.5 3.1 
7 6.3 8.5 6.9 5.5 5.4 
8 6.5 5.1 5.3 1.4 3.2 
9 6.7 5.7 4.2 3.7 3.3 


















*For simplicity, only the distances from the closer of the other two –NH groups (h1 or h2) 
of R16 are presented. 
11 6.5 5.1 4.8 7.3 6.8 
12 6.4 7.0 6.0 7.4 7.0 
13 6.4 8.4 7.5 9.5 9.0 
14 6.9 7.8 8.0 7.7 8.8 
15 6.7 4.8 4.4 2.7 2.8 
16 6.7 6.5 6.1 5.0 5.3 
17 6.0  9.2 7.6 7.1 6.5 
18 6.6 6.9 5.7 5.7 5.8 
19 6.6 4.9 5.1 1.4 3.1 
20 6.3 6.7 6.0 7.3 7.1 
AVE, 
MIN. 
6.4 8.2 6.8 6.3 5.5 
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Table 4.2 Distances (Å) derived from the 20 lowest energy structural models and the 











1 3.8 1.8 2.8 3.8 3.8 
2 3.8 1.8 2.8 3.9 3.8 
3 3.8 1.9 2.6 4.0 3.7 
4 2.2 5.6 5.3 6.2 5.9 
5 4.0 1.5 3.0 4.0 4.1 
6 2.3 5.6 5.2 5.8 6.0 
7 2.3 5.6 5.2 6.0 6.2 
8 2.1 4.3 5.1 3.8 3.6 
9 3.7 3.9 4.1 1.4 3.1 


















*For simplicity, only the distances from the closer of the other two –NH groups (h1 or h2) 
of R16 are presented. 
11 2.2 5.6 5.3 6.2 6.3 
12 3.8 4.4 3.4 1.5 2.6 
13 2.5 4.8 4.9 3.0 4.3 
14 3.2 5.5 5.1 5.9 6.0 
15 3.3 5.5 4.0 5.8 5.9 
16 2.4 4.0 4.0 1.5 2.9 
17 2.5 4.0 3.4 1.5 2.9 
18 3.8 4.1 4.3 1.5 3.0 
19 2.1 5.1 4.3 3.8 3.7 
20 3.8 3.0 3.1 1.4 4.1 
AVE, 
MIN. 
4.0 1.6 2.9 3.8 3.9 
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Despite the low sequence similarity between the E. coli and mammalian β2 
subunits, the staggered T-shaped arrangement of tyrosine and tryptophan is similar when E. 
coli7, mouse9 and human p53 (ref 15) β2 subunits are compared. Also, other metalloproteins 
containing redox active tyrosines, such as photosystem II (ref. 16) and galactose oxidase17, 
contain tyrosine–tryptophan dyads with a similar structure.  
In this study, we designed a β hairpin peptide, Peptide M, to characterize the 
functional and spectroscopic consequences of such an interacting tyrosine–tryptophan pair. 
Peptide M is an 18-mer and is a variant of Peptide A (Figure 4.1c), previously shown to 
form a β-hairpin (Figure 4.1d).14, 18 Peptide M (Figure 4.1e) contains a single tyrosine and 
a single tryptophan, which form a dyad (Y5-W14), as established here by NMR, ultraviolet 
absorption and circular dichroism (CD) spectropolarography. The ultraviolet resonance 
Raman (UVRR) spectrum of Peptide M is unique and provides a framework in which to 
interpret the Raman spectra, previously reported for Y122O· in class 1a E. coli β2. 
Although there were earlier studies of (for example, see refs 19-20)  singlet states in model 
tyrosine–tryptophan peptides, we describe the first peptide in which interactions between 
the tyrosyl radical and the tryptophan sidechain are probed. The results are relevant to RNR 
and to other metalloproteins that employ redox-active tyrosines in high potential charge 
transfer pathways.21-22  
4.3 Materials and Methods 
4.3.1 Material 
Peptides were synthesized by solid-state synthesis and were obtained from Genscript 
USA Inc. 2H2O and NaO2H were purchased from Cambridge Isotopes (99.9% D). 
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When 2H2O was used, the p2H was adjusted to the uncorrected metre reading.23 2-(N-
morpholino)ethanesulfonic acid (MES), N-cyclohexyl-3-aminopropanesulfonic acid 
(CAPS), 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES), tyrosine and 
tryptophan were purchased from Sigma-Aldrich. Sodium borate was purchased from 
Mallinckrodt Pharmaceuticals, and boric acid was purchased from J.T. Baker Avantor 
Performance Materials. Hexamine ruthenium (III) chloride was purchased from Strem 
Chemicals. 
4.3.2 NMR 
The NMR samples were prepared by dissolving 1 mg of peptide in 350 µM sodium 
phosphate buffer (pH ∼5) containing 5% 2H2O. The spectra were acquired on a 700-MHz 
Bruker spectrometer equipped with a triple-resonance cryogenic probe. A [1H,1H]-total 
correlation spectroscopy (TOCSY) experiment with 70 ms mixing time and spectral widths 
of 7,122.5 Hz for both dimensions was utilized to assign all of the peptide resonances. 
MLEV17 with field strength of 9 kHz was used as a mixing sequence.24 To determine the 
inter-nuclear distances, we utilized a series of [1H,1H]-rotating frame nuclear Overhauser 
effect spectroscopy (ROESY) experiments with spectral widths identical to the TOCSY 
experiments, and with a continuous wave mixing sequence using 100, 200, 250, 350 and 
400 ms mixing times.25 The NMR spectra were processed using NMRPipe26 and analysed 
using Sparky27 software packages. The spectra were referenced to the water resonance at 
4.7 p.p.m. TOCSY and ROESY spectra were assigned using the standard approach 
described by Wuthrich.28 Based on the build-up curve, ROESY cross-peaks at 350 ms were 
chosen for structure calculations. A total of 156 ROEs consisting of 65 intra-residue and 
91 inter-residue correlations were used for structure determination. Peak intensities were 
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converted into distances using the following classifications: strong (1.8–2.9 Å), medium 
(1.8–3.6 Å) and weak (1.8–6.0 Å). For residues with 3JNH-Ha>8.0 Hz φ, angles were 
restricted to the range of –160 to –80°. NMR conformers were calculated starting from an 
extended conformation of Peptide M and using a hybrid simulated annealing protocol 
available in the XPLOR-NIH package.29 Briefly, calculations were carried out using an 
initial temperature of 1,000 K, 50,000 high temperature steps and 6,000 cooling steps with 
a step size of 5 fs decreasing the temperature from 1,000 to 100 K. The generated 
conformers were further minimized including the Lennard-Jones potential, with the 
Conjugated Gradients algorithm using an initial temperature of 300 K and 60,000 steps 
(step size 1 fs). A total of 50 conformers were generated; the 20 lowest energy conformers 
without NOE violations greater than 0.5 Å, no bond violations greater than 0.05 Å, and no 
bond violations greater than 4° were selected for further analysis. Measurements were 
conducted both at 278 and 298 K.  
4.3.3 Circular Dichroism 
A Jasco J-810 CD spectropolarimeter equipped with a Peltier-type cell was 
employed. Spectra were collected from 250 to 193 nm in 1 mm quartz cells. Eight 
accumulations per scan were averaged in three independent measurements for each of the 
conditions. Parameters used were: sensitivity, 100 mdeg; data pitch, 2 nm; scan speed, 
50 nm min−1; response time, 1 s; bandwidth, 1 nm. 
4.3.4 Ultraviolet-Visible Spectroscopy 
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Ultraviolet absorption spectra were recorded on a Shimadzu UV-1700 
spectrometer. The slit width was 1 nm, the resolution was 1 nm and the scan speed was 
6.5 nm s−1. The spectra were averaged from two independent measurements. 
4.3.5 Ultraviolet Resonance Raman 
UVRR spectra of 1 mM samples were obtained at room temperature using a 244-
nm probe beam generated from an intracavity frequency-doubled Argon ion laser 
(Cambridge LEXEL 95).30-31 Briefly, the probe beam was coupled to a Raman microscope 
system (Renishaw inVia) equipped with ultraviolet-coated, deep depletion charge-coupled 
device. Backscattering from the sample was collected by a 15 × ultraviolet (NA=0.32) 
objective (OFR division of Thorlabs, Inc.), assembled in a Leica Microsystems 
microscope. The spectral resolution was 6 cm−1, and the interval between the data points 
was 3.8 cm−1. The peak positions are reported to a precision of ±2 cm−1. To prevent 
photodegradation, samples were re-circulated using a peristaltic pump and a nozzle 
(∼120 µm inner diameter) to form a jet. The Raman difference spectrum was obtained by 
subtracting an averaged low power scan (340 µW) from an averaged high power scan 
(3.4 mW) using 244 nm beam. The data were averaged from at least two measurements on 
different samples. Mass spectrometry (ThermoFisher Scientific, LTQ Orbitrap XL, 
Electrospray ionization, Positive Ion Mode) before and after the Raman measurement gave 
the expected 1,195 m/z ratio for Peptide M, indicating that there was no significant 
oxidative modification of the peptide during the UVRR measurement. 
4.4 Results 
4.4.1 NMR Studies 
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Peptide M is a variant of β-hairpin, Peptide A (Figure 4.1c,d), in which H14 is 
replaced with W (Figure 4.1e,f). For Peptide A, the NMR structure has shown that the 
peptide is β hairpin, that H14 has a pi–pi cross-strand interaction with Y5, and that Y5 is 
hydrogen bonded to R16. To assess the structure of Peptide M in solution, we performed 
NMR experiments at pH ∼5. The NMR data are summarized in Figure 4.2 and Tables 4.3, 
4.4 and 4.5. The rotating frame Overhauser enhancement (ROE) pattern (Figure 4.2a) with 
several (i, i+1) connectivities and 3JHα-HN coupling constants greater than 7 Hz for residues 
5, 7, 10, 12, 13, 15 and 16 are typical of β strands. Also, several long-range dipolar contacts 
were observed between residues 2–17, 3–16, 5–14 and 6–13, supporting the β sheet fold of 
the peptide (Figure 4.3). The NMR data resulted in an ensemble of 20 selected conformers 
(Figure 4.2c) with a root-mean-square deviation of 0.59±0.17 and 1.68±0.31 Å for 
backbone and side chains heavy atoms. The average structure (Figures 4.1f and 4.2d) 
shows that the aromatic residues (Y5 and W14) are co-facially aligned, as supported by 
seven inter-residue contacts between the aromatics, including ROEs between the ɛ protons 
of Y5 and CH2β and ɛ of W14. These NMR experiments show that the tyrosine and 
tryptophan are ∼6 Å apart and exhibit a pi-stacked, staggered interaction, which is 
reminiscent of the orientation observed in the β2 dyad. In Peptide M, tyrosine is not 




Figure 4.2 Summary of the NMR data on Peptide M. (a) Plot showing the short- and 
long-range ROEs for the backbone and the side chains, (b) root-mean-square 
deviations (RMSD) of the backbone atoms, (c) ensemble of 20 selected backbone 
conformers and (d) average structure of Peptide M. Resonance assignments were 
carried out using a combination of 2D [1H–1H]-TOCSY and [1H–1H]-ROESY 
experiments. All of the resonances were assigned, and 159 ROESY connectivities were 






Table 4.3 Resonance assignments of 1H chemical shifts of Peptide M at pH 5.0 using 
solution NMR experiments. 
Residue NH (ppm) CaH (ppm) CbH (ppm) Others (ppm) 
I1 NA 3.882 1.954 NA 
M2 8.717 4.516 2.021 g -CH2 2.558 
D3 8.556 4.614 2.724  
R4 8.357 4.217 1.641 g -CH2 1.389 
d-CH2 3.081 
NH  7.090 
Y5 8.113 4.609 3.027/2.905 d-H 7.049 




Table 4.3 continued 
R6 8.056 4.356 1.735 g -CH2 1.538 
d-CH2 3.154 
NH  7.191 
V7 8.160 4.126 2.012 g -CH3 0.9080 
 
R8 8.485 4.360 1.702/1.795 g -CH2 1.568 
d-CH2 3.140 
NH  7.191 
N9 8.585 4.630 2.793  
G10 8.440 3.930   




Table 4.3 continued 
R12 8.240 4.237 1.654 g -CH2 1.442 
d-CH2 3.019 
NH  7.020 
I13 8.094 4.162 1.775 g -CH 1.114 
d-CH3  0.805 
W14 8.312 4.695 3.256/3.137 d-H 7.207 
e -H 7.581 
z2-H  7.457 
z3-H  7.167 
e -NH3+ 7.128 
I15 7.980 4.086 1.731 g-CH 1.034 




Table 4.3 continued 
R16 8.223 4.237 1.757 g -CH2 1.523 
d-CH2 3.126 
L17 8.223 4.339 1.620 g -CH 0.888 
d-CH3  0.841 
R18 7.973 4.197 1.851 g -CH2 1.576 
d-CH2 3.167 
Table 4.4 Statistics for the 20 lowest energy NMR structures. 
  
Parameter Value 
Distance and Angle Restraints 
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Hydrogen bond restraints -- 
Total restraints per residue  8.9 
Statistics for Calculated Structures 
R.M.S.D. (Å) 
Backbone 
All Heavy Atoms 
 
0.59 ± 0.17 
1.68 ± 0.31 
 
Analysis (performed with Molprobity) 
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Table 4.5 NOEs used for calculations. 
assign (residue 1 and name HA) (residue 1 and name HB#) 3.0 1.2 0.6 !m 
assign (residue 1 and name HA) (residue 1 and name HG#) 5.0 2.2 1.0 !w 
assign (residue 2 and name HA) (residue 2 and name HB#) 5.0 2.2 1.0 !w 
assign (residue 2 and name HA) (residue 2 and name HG#) 5.0 2.2 1.0 !w 
assign (residue 2 and name HA) (residue 2 and name HN) 5.0 2.2 1.0 !w 
assign (residue 2 and name HA) (residue 3 and name HN) 2.5 0.7 0.4 !s 
assign (residue 2 and name HB#) (residue 4 and name HB#) 5.0 2.2 1.0 !w 
assign (residue 2 and name HA) (residue 17 and name HG#) 5.0 2.2 1.0 !w 
assign (residue 2 and name HA) (residue 17 and name HA) 5.0 2.2 1.0 !w 
  
% residues in most favored regions 
% residues in allowed regions 
% residues in generally allowed regions 




Table 4.5 continued 
assign (residue 2 and name HB#) (residue 2 and name HG#) 5.0 2.2 1.0 !w 
assign (residue 2 and name HB#) (residue 3 and name HN) 5.0 2.2 1.0 !w 
assign (residue 2 and name HG#) (residue 2 and name HN) 5.0 2.2 1.0 !w 
assign (residue 3 and name HA) (residue 3 and name HN) 3.0 1.2 0.6 !m 
assign (residue 3 and name HA) (residue 4 and name HN) 2.5 0.7 0.4 !s 
assign (residue 3 and name HA) (residue 3 and name HB1#) 5.0 2.2 1.0 !w 
assign (residue 3 and name HA) (residue 3 and name HB2#) 5.0 2.2 1.0 !w 
assign (residue 3 and name HB#) (residue 3 and name HN) 5.0 2.2 1.0 !w 
assign (residue 3 and name HA) (residue 4 and name HA) 5.0 2.2 1.0 !w 
assign (residue 3 and name HB#) (residue 4 and name HN) 5.0 2.2 1.0 !w 
assign (residue 3 and name HB#) (residue 4 and name HN) 5.0 2.2 1.0 !w 
assign (residue 3 and name HA) (residue 16 and name HN) 5.0 2.2 1.0 !w  
assign (residue 3 and name HB#) (residue 16 and name HD#) 5.0 2.2 1.0 !w 




Table 4.5 continued 
assign (residue 3 and name HA) (residue 16 and name HD#) 5.0 2.2 1.0 !w 
assign (residue 3 and name HB#) (residue 5 and name HE#) 5.0 2.2 1.0 !w 
assign (residue 4 and name HA) (residue 5 and name HN) 2.5 0.7 0.4 !s 
assign (residue 4 and name HA) (residue 4 and name HD#) 5.0 2.2 1.0 !w 
assign (residue 4 and name HA) (residue 4 and name HN) 5.0 2.2 1.0 !w 
assign (residue 4 and name HA) (residue 4 and name HB#) 3.0 1.2 0.6 !m 
assign (residue 4 and name HD#) (residue 4 and name HB#) 5.0 2.2 1.0 !w  
assign (residue 4 and name HD#) (residue 4 and name HG#) 5.0 2.2 1.0 !w 
assign (residue 4 and name HG#) (residue 15 and name HG#) 5.0 2.2 1.0 !w  
assign (residue 4 and name HB#) (residue 5 and name HN) 5.0 2.2 1.0 !w 
assign (residue 4 and name HG#) (residue 15 and name HA#) 5.0 2.2 1.0 !w 
assign (residue 4 and name HB#) (residue 15 and name HN) 5.0 2.2 1.0 !w 
assign (residue 4 and name HA) (residue 15 and name HB#) 5.0 2.2 1.0 !w 




Table 4.5 continued 
assign (residue 5 and name HA) (residue 6 and name HN) 2.5 0.7 0.4 !s 
assign (residue 5 and name HA) (residue 5 and name HB#) 5.0 2.2 1.0 !w 
assign (residue 5 and name HA) (residue 5 and name HB#) 5.0 2.2 1.0 !w 
assign (residue 5 and name HA) (residue 5 and name HN) 5.0 2.2 1.0 !w 
assign (residue 5 and name HA) (residue 5 and name HD#) 5.0 2.2 1.0 !w 
assign (residue 5 and name HB#) (residue 6 and name HN) 5.0 2.2 1.0 !w 
assign (residue 5 and name HB1) (residue 5 and name HB2) 2.5 0.7 0.4 !s 
assign (residue 5 and name HB#) (residue 5 and name HN) 5.0 2.2 1.0 !w 
assign (residue 5 and name HB#) (residue 7 and name HG#) 5.0 2.2 1.0 !w  
assign (residue 5 and name HA) (residue 5 and name HE#) 5.0 2.2 1.0 !w 
assign (residue 5 and name HD#) (residue 14 and name HB#) 5.0 2.2 1.0 !w 
assign (residue 5 and name HB#) (residue 14 and name HE#) 5.0 2.2 1.0 !w  
assign (residue 5 and name HD#) (residue 5 and name HB#) 5.0 2.2 1.0 !w 




Table 4.5 continued 
assign (residue 5 and name HA) (residue 14 and name HB#) 5.0 2.2 1.0 !w 
assign (residue 5 and name HB#) (residue 14 and name HZ#) 5.0 2.2 1.0 !w 
assign (residue 5 and name HE#) (residue 14 and name HZ#) 5.0 2.2 1.0 !w 
assign (residue 5 and name HE#) (residue 14 and name HD#) 5.0 2.2 1.0 !w 
assign (residue 5 and name HB#) (residue 6 and name HN) 5.0 2.2 1.0 !w 
assign (residue 6 and name HA) (residue 7 and name HN) 2.5 0.7 0.4 !s 
assign (residue 6 and name HA) (residue 13 and name HB#) 5.0 2.2 1.0 !w 
assign (residue 6 and name HA) (residue 6 and name HG#) 5.0 2.2 1.0 !w 
assign (residue 6 and name HA) (residue 6 and name HB#) 5.0 2.2 1.0 !w 
assign (residue 6 and name HA) (residue 6 and name HN) 5.0 2.2 1.0 !w  
assign (residue 6 and name HD#) (residue 6 and name HG#) 2.5 0.7 0.4 !s 
assign (residue 6 and name HA) (residue 13 and name HA) 5.0 2.2 1.0 !w  
assign (residue 6 and name HG#) (residue 13 and name HB#) 5.0 2.2 1.0 !w 




Table 4.5 continued 
assign (residue 6 and name HG#) (residue 4 and name HG#) 5.0 2.2 1.0 !w 
assign (residue 7 and name HA) (residue 7 and name HB#) 5.0 2.2 1.0 !w 
assign (residue 7 and name HA) (residue 7 and name HN) 5.0 2.2 1.0 !w 
assign (residue 7 and name HA) (residue 7 and name HG#) 5.0 2.2 1.0 !w 
assign (residue 7 and name HA) (residue 8 and name HN) 2.5 0.7 0.4 !s 
assign (residue 7 and name HB#) (residue 8 and name HN) 5.0 2.2 1.0 !w 
assign (residue 7 and name HG#) (residue 7 and name HB#) 3.0 1.2 0.6 !m  
assign (residue 7 and name HG#) (residue 8 and name HN) 5.0 2.2 1.0 !w 
assign (residue 8 and name HA) (residue 8 and name HN) 2.5 0.7 0.4 !s 
assign (residue 8 and name HA) (residue 9 and name HN) 3.0 1.2 0.6 !m 
assign (residue 8 and name HB#) (residue 9 and name HN) 5.0 2.2 0.6 !w 
assign (residue 8 and name HB#) (residue 6 and name HG#) 5.0 2.2 0.6 !w 
assign (residue 8 and name HD#) (residue 8 and name HB#) 5.0 2.2 0.6 !m 




Table 4.5 continued 
assign (residue 8 and name HA) (residue 8 and name HB#) 5.0 2.2 1.0 !w 
assign (residue 9 and name HA) (residue 9 and name HN) 3.0 1.2 0.6 !m 
assign (residue 9 and name HA) (residue 10 and name HN) 3.0 1.2 0.6 !m 
assign (residue 9 and name HA) (residue 9 and name HB#) 5.0 2.2 1.0 !w 
assign (residue 9 and name HB#) (residue 9 and name HN) 5.0 2.2 1.0 !w 
assign (residue 9 and name HB#) (residue 10 and name HN) 5.0 2.2 1.0 !w 
assign (residue 10 and name HA#) (residue 10 and name HN) 3.0 1.2 0.6 !m 
assign (residue 10 and name HA#) (residue 11 and name HN) 2.5 0.7 0.4 !s 
assign (residue 11 and name HA) (residue 12 and name HN) 2.5 0.7 0.4 !s 
assign (residue 11 and name HA) (residue 11 and name HN) 5.0 2.2 1.0 !w 
assign (residue 11 and name HA) (residue 11 and name HB#) 3.0 1.2 0.6 !m 
assign (residue 11 and name HB#) (residue 11 and name HN) 3.0 1.2 0.6 !m 
assign (residue 11 and name HA) (residue 12 and name HN) 5.0 2.2 1.0 !w 




Table 4.5 continued 
assign (residue 11 and name HB#) (residue 13 and name HB#) 5.0 2.2 1.0 !w 
assign (residue 12 and name HA) (residue 13 and name HN) 2.5 0.7 0.4 !s 
assign (residue 12 and name HA) (residue 12 and name HB#) 5.0 2.2 1.0 !w 
assign (residue 12 and name HA) (residue 12 and name HD#) 5.0 2.2 1.0 !w 
assign (residue 12 and name HA) (residue 12 and name HN) 5.0 2.2 1.0 !w 
assign (residue 12 and name HB#) (residue 7 and name HG#) 5.0 2.2 1.0 !w 
assign (residue 12 and name HD#) (residue 7 and name HG#) 5.0 2.2 1.0 !w  
assign (residue 12 and name HD#) (residue 7 and name HB#) 5.0 2.2 1.0 !w 
assign (residue 12 and name HG#) (residue 7 and name HG#) 5.0 2.2 1.0 !w  
assign (residue 12 and name HB#) (residue 13 and name HN) 5.0 2.2 1.0 !w 
assign (residue 12 and name HD#) (residue 14 and name HZ#) 5.0 2.2 1.0 !w 
assign (residue 13 and name HA) (residue 14 and name HN) 2.5 0.7 0.4 !s 
assign (residue 13 and name HA) (residue 13 and name HB#) 5.0 2.2 1.0 !w 




Table 4.5 continued 
assign (residue 13 and name HA) (residue 13 and name HN) 5.0 2.2 1.0 !w 
assign (residue 13 and name HA) (residue 14 and name HN) 2.5 0.7 0.4 !s 
assign (residue 13 and name HB#) (residue 13 and name HN) 2.5 0.7 0.4 !s 
assign (residue 13 and name HA) (residue 14 and name HZ#) 5.0 2.2 1.0 !w 
assign (residue 13 and name HG#) (residue 13 and name HN) 5.0 2.2 1.0 !w 
assign (residue 13 and name HB#) (residue 14 and name HN) 5.0 2.2 1.0 !w 
assign (residue 14 and name HA) (residue 15 and name HN) 2.5 0.7 0.4 !s 
assign (residue 14 and name HA) (residue 14 and name HB#) 5.0 2.2 1.0 !w 
assign (residue 14 and name HB#) (residue 14 and name HE#) 5.0 2.2 1.0 !w 
assign (residue 14 and name HB#) (residue 14 and name HZ#) 5.0 2.2 1.0 !w 
assign (residue 15 and name HA) (residue 16 and name HN) 2.5 0.7 0.4 !s 
assign (residue 15 and name HA) (residue 15 and name HB#) 5.0 2.2 1.0 !w 
assign (residue 15 and name HA) (residue 15 and name HD#) 5.0 2.2 1.0 !w 




Table 4.5 continued 
assign (residue 15 and name HB#) (residue 15 and name HG#) 5.0 2.2 1.0 !w 
assign (residue 15 and name HB#) (residue 15 and name HD#) 3.0 1.2 0.6 !m 
assign (residue 15 and name HG#) (residue 15 and name HD#) 3.0 1.2 0.6 !m 
assign (residue 15 and name HG#) (residue 14 and name HN) 5.0 2.2 1.0 !w 
assign (residue 15 and name HB#) (residue 17 and name HD#) 5.0 2.2 1.0 !w  
assign (residue 16 and name HA) (residue 16 and name HN) 2.5 0.7 0.4 !s 
assign (residue 16 and name HA) (residue 17 and name HN) 2.5 0.7 0.4 !s 
assign (residue 16 and name HD#) (residue 16 and name HB#) 5.0 2.2 1.0 !w 
assign (residue 16 and name HB#) (residue 17 and name HN) 5.0 2.2 1.0 !w 
assign (residue 16 and name HG#) (residue 18 and name HB#) 5.0 2.2 1.0 !w 
assign (residue 17 and name HA) (residue 17 and name HN) 5.0 2.2 1.0 !w 
assign (residue 17 and name HA) (residue 17 and name HB#) 3.0 1.2 0.6 !m 
assign (residue 17 and name HA) (residue 17 and name HD#) 3.0 1.2 0.6 !m 




Table 4.5 continued 
assign (residue 17 and name HD#) (residue 15 and name HG#) 5.0 2.2 1.0 !w 
assign (residue 17 and name HD#) (residue 17 and name HB#) 3.0 1.2 0.6 !m 
assign (residue 18 and name HA) (residue 18 and name HN) 3.0 1.2 0.6 !m 
assign (residue 18 and name HD#) (residue 16 and name HG#) 5.0 2.2 1.0 !w  
assign (residue 18 and name HA) (residue 18 and name HB#) 5.0 2.2 1.0 !w 
assign (residue 18 and name HA) (residue 18 and name HB#) 5.0 2.2 1.0 !w 
assign (residue 18 and name HA) (residue 18 and name HD#) 5.0 2.2 1.0 !w 
assign (residue 18 and name HB#) (residue 18 and name HD#) 5.0 2.2 1.0 !w 
assign (residue 18 and name HA) (residue 18 and name HG#) 5.0 2.2 1.0 !w 
assign (residue 18 and name HA) (residue 2 and name HA) 2.5 0.7 0.4 !s 
! NH-NH 
assign (residue 2 and name HN) (residue 3 and name HN) 5.0 2.2 1.0 !w 
assign (residue 3 and name HN) (residue 4 and name HN) 5.0 2.2 1.0 !w 




Table 4.5 continued 
assign (residue 5 and name HN) (residue 6 and name HN) 5.0 2.2 1.0 !w 
assign (residue 7 and name HN) (residue 8 and name HN) 5.0 2.2 1.0 !w 
assign (residue 9 and name HN) (residue 10 and name HN) 5.0 2.2 1.0 !w 
assign (residue 10 and name HN) (residue 11 and name HN) 5.0 2.2 1.0 !w 
 assign (residue 11 and name HN) (residue 12 and name HN) 5.0 2.2 1.0 !w 
assign (residue 12 and name HN) (residue 13 and name HN) 5.0 2.2 1.0 !w 
assign (residue 13 and name HN) (residue 14 and name HN) 5.0 2.2 1.0 !w 
assign (residue 14 and name HN) (residue 15 and name HN) 5.0 2.2 1.0 !w 
assign (residue 15 and name HN) (residue 16 and name HN) 5.0 2.2 1.0 !w 
assign (residue 16 and name HN) (residue 17 and name HN) 5.0 2.2 1.0 !w 
assign (residue 17 and name HN) (residue 18 and name HN) 5.0 2.2 1.0 !w 
assign (residue 4 and name HN) (residue 15 and name HN) 5.0 2.2 1.0 !w 




Figure 4.3 NMR data. Selected region of [1H,1H] ROESY (A) and 1H-NMR (B) spectra 
showing several long-range dipolar contacts between residues. 
Seven of the twenty lowest energy conformers of the Peptide M ensemble display 
distances consistent with a hydrogen bond between the hydroxyl group of Y5 and NH of 
R16 (distance less than 3.0 Å, Table 4.1). In Peptide A, Y5 is predicted to hydrogen bond 
as a proton acceptor to R16NH (distance less than 3 Å) in 6 of the 20 models and as a 
proton acceptor to R16NɛH in 4 of the 20 models (Table 4.2). In the averaged, minimized 
structure of Peptide A, tyrosine is predicted to hydrogen bond to R16NɛH (Table 4.2 and 
Figure 4.1d). These results indicate that there is some probability of a hydrogen-bonding 
interaction between Y5 and R16 in both peptides. The dynamic nature of the peptide 
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enables the formation of several stable as well as transient hydrogen bonds. Nonetheless, 
these residues are exposed to the bulk solvent, and intramolecular hydrogen bonds compete 
with formation of hydrogen bonds to water. 
4.4.2 Circular Dichroism 
Figure 4.4b,c presents CD data acquired from Peptide M. The characteristic β-
hairpin CD signal has maximum negative ellipticity at 198 nm and arises from the n–pi* 
transition of the amide backbone.14, 18 Similar to Peptide A (Figure 4.4a), Peptide M 
exhibits this characteristic β-hairpin band and reversibly folds both at pH 6.5 and 11. As 
shown, spectra obtained before (solid line) and after (dashed line) a thermal melt (80 °C, 
dot–dashed line) exhibit the characteristic negative 198 nm band of the β-hairpin. At both 
pH values, spectra obtained pre-melt (purple, solid line) and post-melt (purple, dashed line) 
are similar. Further, β-hairpin signal is lost at 80 °C (purple, dot–dashed line), consistent 





Figure 4.4 CD spectra of Peptide A and Peptide M. Data were acquired from Peptide 
A, pH 6.5 (a, pink) Peptide M, pH 6.5 (b, purple) and Peptide M, pH 11 (c, purple). 
The spectra were obtained at 20 °C (solid line, pre-melt), 80 °C (dot–dashed line) or 
at 20 °C (dashed line, post-melt). In b, difference CD spectra are shown in cyan, 
corresponding to Peptide M pH 6.5 (b, purple)–minus–Peptide A (a, pink). In c, 
difference spectra are shown in cyan, corresponding to Peptide M pH 11 (c, purple)–
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minus–Peptide A (a, pink). Data were obtained at 20 °C (b,c, cyan, solid line, pre-
melt) or at 80 °C (b,c, dot–dashed line). The analyte concentration was 200 µM, and 
the buffer contained 5 mM MES, pH 6.5 (a,b) or 5 mM borate, pH 11 (C). The spectra 
were averaged from three independent measurements. The tick marks denote 2 mdeg. 
Difference CD spectra (cyan) in b,c are multiplied by a factor of 2 for presentation 
purposes. 
4.4.3 Ultraviolet-Visible Absorption Spectra 
Figure 4.5a presents presents the ultraviolet absorption spectrum of Peptide M at 
pH 5 (I, purple) and pH 11 (II, purple). In the 200- to 300-nm region, the spectra of tyrosine 
(C) and tryptophan (B) are dominated by pi–pi* transitions of the phenol and indole rings. 
As expected, Peptide M (A) exhibits absorption bands similar to those of tyrosine and 
tryptophan. However, the Peptide M tyrosine spectrum is perturbed compared with solution 
models. Subtraction (D) of the aqueous tryptophan spectrum from that of Peptide M reveals 
a red-shift, both at pH 5 and 11 (I and II, black dashed line). Note that subtraction of the 
tyrosine spectrum from that of Peptide M yields spectra that resemble tryptophan (Figure 
4.6, grey dotted line),  with some minor perturbation, except for the region below 260 nm, 
which is the onset of the peptide bond absorption. Previous gas phase and computational 
studies of indole-benzene, indole-pyridine and indole-imidazole heterodimers have shown 
a stabilization of the S0 state, attributed to NH hydrogen bonding, NH– and CH–pi 
interactions and pi–pi interactions in the dimers.32-34 Thus, the red shift of the tyrosine 
ultraviolet spectrum in Peptide M is attributable to the close proximity of the cross-strand 




Figure 4.5 Ultraviolet absorption spectra of Peptide M and model compounds. Data 
were acquired from Peptide M (purple), tyrosine (Tyr; blue) and tryptophan (Trp; 
green) at pH 5 (I) and at pH 11 (II). The black dashed trace (D) was obtained by 
subtracting the tryptophan spectrum from that of Peptide M. The analyte 
concentration was 100 µM, and the buffer contained 5 mM acetate, pH 5 (I) or 5 mM 
borate, pH 11 (II). The spectra were averaged from two independent measurements. 




Figure 4.6 UV absorption spectra. Data were derived from Peptide M (purple), 
tyrosine (blue) and tryptophan (green) at pH 5 (I) and at pH 11 (II). The gray dotted 
trace (C) was obtained by subtracting the tyrosine spectrum from that of Peptide M. 
The black dashed trace (E) was obtained by subtracting the tryptophan spectrum 
from that of Peptide M. The analyte concentration was 100 µM, and the buffer 
contained 5 mM acetate, pH 5 (I) or 5 mM borate, pH (11). The spectra were averaged 
from two independent measurements. The tick marks denote 0.1 absorbance unit. 
4.4.4 Excitonic Splitting 
A through-space aromatic–aromatic interaction between two pi–pi* transitions with 
similar energies can result in excitonic splitting, which is detectable in the CD spectrum.35 
The red shift of the Peptide M tyrosine spectrum led us to search for characteristic exciton 
splitting in the CD spectra of this peptide. Examination of Figure 4.4b (pH 6.5) and Figure 
4.4c (pH 11) showed a differential band, which is superimposed on the β strand 198 nm 
signal. Peptide A, which lacks the Y5-W14 dyad, did not exhibit this feature (Figure 4.4a).  
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This excitonic feature is clearly seen when the CD spectrum of Peptide A is 
subtracted from that of Peptide M, revealing the characteristic excitonic splitting with a 
negative feature at 212–216 nm and a positive component at 228 nm. The amplitude of this 
excitonic couplet signal decreased at 80 °C, indicating sensitivity to thermal melting of the 
peptide. Excitonic coupling leads to the splitting of the excited state into two components 
because of delocalization over the two monomers. Previous studies of PagP have identified 
an excitonic couplet (negative, ∼225 nm; positive 230 nm) between Trp66 and Tyr26 (ref. 
36). Such an excitonic splitting between the 1Bb band of tryptophan and the 1La band of 
tyrosine can occur only if the indole and phenol side chains are in close proximity and 
fulfill geometric restraints on the orientations of the two transition moments. We conclude 
that the tryptophan and tyrosine in Peptide M form an excitonically interacting, aromatic 
pair via a dipole–dipole interaction. 
4.4.5 Differential Pulse Voltammetry (DPV) 
To characterize the properties of the dyad, we performed DPV, and the results are 
presented in Figure 4.7. The peak potential of tyrosine exhibits linear dependence on pH 
below the pKa of the phenolic oxygen.37 Using DPV, the peak potentials of tyrosine (blue) 
were determined to be 0.99±0.01 and 0.65±0.01 V at pH 5 and 11, respectively. The 
voltammograms acquired from tyrosine were irreversible, as previously reported, because 
of a contribution from competing reactions.37 However, these peak potentials agree with 
reported midpoint potentials, implying that any correction factor is small.14, 37-38 Y5 in 
Peptide A (pink) gave peak potentials of 1.00±0.01 V (pH 5) and 0.71±0.02 V (pH 11) 
versus normal hydrogen electrode (NHE), similar to peak potentials of aqueous tyrosine 




Figure 4.7 DPV. Data were derived from Peptide A (pink), Peptide M (purple), a 
tyrosine-tryptophan solution (orange), a tyrosine solution (blue) and a tryptophan 
solution (green) at pH 5 (A) or at pH 11 (B). The data were baseline corrected for 
presentation purposes. The analyte concentration was 100 µM. At pH 5, the buffer 
was 5 mM acetate, 200 mM KCl (A). At pH 11, the buffer was 5 mM borate, 200 mM 
KCl (B). The data were averaged from three independent measurements for peptides 
and from nine independent measurements for amino acid analytes. Potentials are 
given versus the normal hydrogen electrode (NHE) by adding 0.22 V to the values 
measured using a 1 M KCl-filled Ag/AgCl reference electrode. The tick marks denote 
1 x 10-7 units. Peptide A (pink) and Peptide M (purple) voltammagrams are 
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multiplied by 2 for clarity. DPV measurements were performed on a computer-
controlled Princeton Applied Research 273A potentiostat. Experiments were 
conducted in an argon-sparged, three-electrode cell (CH Instruments, Austin, TX) 
equipped with a 3 mm glassy carbon working electrode, platinum wire counter 
electrode, and a Ag/AgCl reference electrode in 1 M KCl (E = 0.22 V (NHE)). Data 
were collected in increments of ΔE = 4 mV at a scan rate of 32 mV/s. The differential 
pulse amplitude was 25 mV. Data were fit to a polynomial baseline using PeakFit 4 
(Systat Software Inc, San Jose, CA) and smoothed using CorrView3 (Scribner, 
Southern Pines, NC). Data on the amino acids were averaged in triplicate and data 
on the peptides were averages of nine trials. The peak potentials reported in the text 
were determined from the centroid of the data before baseline correction. Hexamine 
ruthenium (III) chloride (200 µM, 1 M KCl)1 was used as standard in each trial and 
gave a peak potential of -0.200 ± 0.003 V versus Ag/AgCl (average of 20), as expected. 
In control experiments at pH 11, CAPS was used as a buffering agent. The 
substitution of the borate buffer by CAPS had no effect on the DPV measurement at 
pH 11. 
The peak potentials of Peptide M, aqueous tryptophan and an aqueous mixture of 
tyrosine and tryptophan (Figure 4.7A,B) were similar both at pH 5 and pH 11, given the 
standard deviation of the measurements. The values obtained at pH 5 and 11 for Peptide M 
(1.02±0.02 and 0.72±0.01 V versus NHE, respectively) were in good agreement with 
values previously reported for the midpoint potential of tryptophan.37-38 We conclude that 
the electronic interaction between tryptophan and tyrosine in Peptide M does not have a 
large effect on the peak potential of the amino-acid side chain. This implies that 
stabilization of the singlet and the radical state are similar in Peptide M, suggesting that Y5 
interacts with W14 in both states. 
4.4.6 Electron Paramagnetic Resonance (EPR) Spectroscopy 
Next, we sought to examine the radical state of Y5 in order to establish whether 
tyrosyl radical structure is altered in Peptide M. To examine the radical state, ultraviolet 
photolysis and EPR spectroscopy can be performed. However, the breadth of the X-band 
EPR spectra precludes the detection of small differences in radical structure. This is 
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illustrated in Figure 4.8, in which photolysis at 266 nm was used to generate both 
tyrosyl (Figure 4.8D) and tryptophan (Figure 4.8C) radicals in frozen solutions or powders 
(160 K) of the isolated amino acids. The EPR of the tyrosyl and tryptophan radicals agree 
in lineshape and g value with earlier reports.39-40 Ultraviolet photolysis of Peptide M 
(Figure 4.8B) gave an EPR lineshape similar to the spectrum of an aqueous mixture of 
tyrosine and tryptophan (Figure 4.8C) and of Peptide A (Figure 4.8A). However, small 
changes due to the environment are not detectable. Note that this procedure does not cause 
significant modification of the samples as assessed by the ultraviolet–visible absorption 




Figure 4.8 X-band EPR spectra. Data were acquired from Peptide A (A), Peptide M 
(B), tyrosine + tryptophan solution (C), tyrosine solution (D) and tryptophan solution 
(E). The buffer blank is shown in (F). EPR spectra2,3 were collected on a Bruker 
EMX spectrometer (Billerica, MA) at 160 K using the following conditions: 
microwave frequency, 9.2 GHz; microwave power, 200 µW; modulation amplitude, 1 
G; modulation frequency, 100 kHz; scan time, 168 s; number of scans, 4; time 
constant, 655 ms. Radicals were generated using 50 flashes at 266 nm (50-60 mJ) 
generated by a Nd-YAG laser (Continuum Surelite III, Santa Clara, CA). The analyte 
concentration was 1 mM, and the buffer contained 10 mM borate, pH 11. The data 





Figure 4.9 UV-Vis spectra. Data acquired from tyrosine (A), tryptophan (B), tyrosine-
tryptophan solution (C) and Peptide M (D) before (solid line) and after (dashed-line) 
EPR measurements. The solutions of tryptophan (B), tyrosine-tryptophan mixture 
(C) and Peptide M (D) were diluted four fold before measurements due to the high 
absorbance of the original 1 mM solution. 
4.4.7 Ultraviolet Resonance Raman Studies 
To more incisively probe the structure of the tyrosyl radical and singlet state, 
UVRR spectra were acquired at pH 11 using 244 nm excitation. Previous work has shown 
that tyrosyl radical can be generated by 244 nm, continuous illumination of aqueous 
tyrosine at room temperature.13, 30 This procedure does not result in modification of the 
peptide, as assessed by mass spectrometry. Raman excitation at 244 nm is specific for the 
tyrosyl radical and the tyrosine singlet, because of resonance enhancement of the tyrosine 
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electronic transition relative to that of tryptophan. The Raman bands due to tyrosyl radical 
and tyrosine singlet state are highlighted in difference spectra (high power scan minus low 
power scan). The positive bands correspond to the vibrational modes of the radical, 
whereas the negative bands correspond to the singlet vibrational modes. 
The UVRR difference spectrum obtained from aqueous tyrosine is shown in Figure 
4.10d. Positive bands at 1,410, 1,514 and 1,574 cm−1 are assigned to ring stretching (Y19a), 
C–O stretching (Y7a) and C–C ring (Y8a) stretching modes of the radical, respectively 
(Table 4.6). The negative bands at 1,172, 1,206 and 1,600 cm−1 arise from the CH bend 
(Y9a), ring C–CH2 (Y7a) and a ring Y8a mode of the singlet state.13, 30 As expected, 
244 nm excitation of aqueous tryptophan did not produce a Raman difference spectrum 
(Figure 4.10e). The difference spectrum of an aqueous tyrosine–tryptophan mixture 
(Figure 4.10c) was indistinguishable (±2 cm−1) from that of tyrosine alone, again showing 




Figure 4.10 UVRR difference spectra derived from Peptide M, Peptide A and model 
compounds. Data were acquired from Peptide M (A), Peptide A (B), a tyrosine-
tryptophan solution (C), a tyrosine solution (D) or a tryptophan solution (E). The 
analyte concentration was 1 mM, and the buffer was 5 mM borate, pH 11. The 
difference spectrum was obtained by subtracting an averaged low-power scan 
(340 µW) from an averaged high-power scan (3.4 mW). The tick marks denote 50 
intensity units. The data were averaged from at least two independent measurements. 
The asterisks in A denote unique frequencies of the YO·-W dyad. 
Table 4.6 Vibrational frequencies (cm−1) and assignments for tyrosyl radical in 
Peptide M, other model compounds and E. coli β2 as defined by UVRR spectroscopy. 
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Sample RingY8a CO Y7a Ring Y19a 
Tyr* 1,574 1,514 1,410 
Tyr+Trp* 1,574 1,514 1,406 
Trp* NO† NO† NO† 
Peptide A* 1,572 1,516 1,410 
Peptide M* 1,566 1,503 1,402 
RNR‡ 1,556 1,499 NO† 
*This work; † NO, not observed; ‡ Values from ref 13 
Figure 4.10a presents UVRR difference spectrum of Peptide M. The frequencies 
and intensities of the singlet Raman bands were identifiable using data acquired from the 
tryptophan–tyrosine mixture and a tyrosine solution. A shift in the frequency of the singlet 
Y8a, from 1,600 cm−1 in tyrosine (Figure 4.10d) to 1,603 cm−1 in Peptide M (Figure 4.10a), 
may not be significant, relative to the uncertainty in peak position (±2 cm−1). The Y9a band 
is conformationally sensitive and exhibits a modest shift (4 cm−1) when Peptide M is 
compared with tyrosine.  
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In contrast, the frequencies of the positive radical bands were significantly shifted 
in Peptide M, compared with those derived from tyrosine, a solution of tyrosine and 
tryptophan, and Peptide A (Figure 4.10b and Table 4.6).13, 30 For example, the radical ring 
stretch (Y19a) shifts from 1,410 cm−1 in tyrosine to 1,402 cm−1 in Peptide M (Table 4.6). 
In addition, the radical CO stretch (Y7a) and the ring stretch (Y8a) bands were 1,514 and 
1,574 cm−1 in the tyrosine model compound (Figure 4.10d) but were 1,503 and 
1,566 cm−1 in Peptide M (Figure 4.10a, peaks labelled with asterisks). Radical frequencies 
in Peptide A were indistinguishable from that of tyrosine and were 1,410 (Y19a), 1,516 
(Y7a) and 1,572 (Y8a) cm−1 (Table 4.6 and see also ref. 30). We conclude that substantial 
8–11 cm−1 Raman shifts are diagnostic for an aromatic–aromatic interaction between the 
tyrosyl radical and a tryptophan side chain in a YO·-W dyad. 
4.5 Discussion 
In β2 or other complex proteins, a detailed picture of interaction between Y and W 
is difficult to obtain, because of background signals from other tyrosines, tryptophans and 
the peptide backbone. De novo designed peptides provide structurally tractable 
backgrounds in which to elucidate function (for examples, see refs 38, 41-42). For instance, 
studies of the β-hairpin, Peptide A, have demonstrated that the peptide environment 
accelerates the rate of electron and proton-coupled electron transfer43 and provide a model 
system for investigating orthogonal proton and electron transfer involving tyrosine and 
histidine.14, 18 Also, UVRR spectroscopy has shown that a reversible conformational 
change accompanies electron or proton-coupled electron transfer in Peptide A.30 
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To understand the spectroscopic and functional properties of a tyrosine–tryptophan 
dyad, we designed and synthesized a β-hairpin maquette, Peptide M, which contains a 
tyrosine–tryptophan cross-strand interacting pair. Peptide M forms a β-hairpin at pH 6.5 
and 11 and can be reversibly folded and unfolded at both pH values. NMR experiments 
show that the tyrosine and tryptophan are ∼6 Å apart and exhibit a pi-stacked, staggered 
interaction, which is similar to the tyrosine/tryptophan orientation observed in β2. The 
ultraviolet and CD spectra of the peptide exhibit spectral shifts and splittings that are 
characteristic of S0 state stabilization and of a dipole–dipole-mediated electronic 
interaction between the indole and phenol groups, respectively. The peak potential and 
singlet Raman spectrum of Peptide M are not significantly perturbed, compared with the 
isolated amino acids or Peptide A. However, the Raman spectrum of the radical, Y5·-W14, 
dyad in Peptide M is distinct from that of tyrosine and Peptide A. 
In model tyrosine, production of tyrosyl radical is associated with a dramatic upshift 
of the CO vibrational band (from ∼1,260 to 1,514 cm−1) and a downshift of the highest 
energy aromatic ring stretching mode (from ∼1,600 to 1,574 cm−1).13, 44-46 The Y5·-W14 
dyad in Peptide M (Figure 4.10a) exhibits downshifted CO and ring stretching bands, 
relative to those of tyrosyl radical in aqueous solution (Figure 4.10d) and Peptide A (Figure 
4.10b). Interestingly, downshifted CO and ring stretching frequencies have also been 
reported for Y122O·-W48 in E. coli β2 (refs 13, 44, 47). The CO band of the Y122O·-W48 
dyad was detected at 1,498/1,499 cm−1 (refs 13, 44, 47), and the ring stretching mode was 
detected at 1,556 cm−1. The substantial downshifts observed in the Peptide M dyad suggest 
that the shifted Raman frequencies in E. coli β2 are due, at least in part, to an interaction 
between Y122O· and W48. The CO band has also been reported to be sensitive to hydrogen 
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bonding and electrostatics,48-49 but a factor that downshifts the frequency of the ring 
stretching bands has not been successfully modelled until this work (reviewed in ref. 50) 
Note that in the Peptide M structural ensemble calculated via NOE, there are no conformers 
showing the presence of an H-bond between Y5 and W14. However, seven of the lowest 
energy conformers show the presence of an H-bond between the side chains of Y5 and 
R16. Therefore, intramolecular hydrogen bonding does not provide an explanation for the 
downshifted Raman bands of Peptide M, when compared with Raman bands of Peptide A. 
We attribute the downshift of the CO and ring frequencies of the tyrosyl radical to 
charge transfer from the tyrosyl radical in the Y·-W dyad. Precedent is established in 
previous studies of Old Yellow Enzyme, in which charge transfer between flavin cofactor 
and phenolic compounds resulted in shifts of phenol Raman bands.51 Subtle changes in 
angle and distance are observed in the met state of E. coli and mouse β2; these changes in 
orientation could influence the amount of charge transfer. UVRR studies to detect both the 
ring and CO stretching mode in mammalian β2 will be useful in evaluating this possibility. 
Such subtle changes in orientation may be the foundation of the 4–8 cm−1 differences in 
band position, when RNR and Peptide M are compared. Note that the idea of 
conformational gating and tyrosyl radical movement has been proposed to explain the EPR 
and FTIR spectra of hydrogen peroxide-treated crystals7 and hydroxyurea-treated solution 
samples45, respectively. Therefore, the met Y122OH structure may not be predictive of all 




In summary, Peptide M is the first reported model system that accounts for the 
downshifted CO and ring stretching vibrations of Y122O· in E. coli β2. The results 
presented here suggest that the E. coli β2 Y122O· radical interacts with W48. The decrease 
in vibrational frequencies for Y122O· is characteristic of an overall decrease in radical 
bond strength. This decrease can be associated with delocalization of electron density onto 
the W48 indole ring or onto another nearby site in the protein. Note that a small amount of 
charge transfer from the tyrosyl radical to another site would be difficult to detect with 
magnetic resonance techniques. However, this transfer of charge may be an important 
element in guiding electron transfer through the hydrogen-bonding network of β2. This 
charge transfer motif may also operate in other metalloproteins, which employ redox-active 
tyrosine residues. 
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Tyrosine-tryptophan (YW) dyads are ubiquitous structural motifs in enzymes and 
play roles in proton coupled electron transfer (PCET) and, possibly, protection from 
oxidative stress.   Here, we describe the function of YW dyads in de novo designed 18-
mer, beta hairpins.  In Peptide M, a YW dyad is formed between W14 and Y5.  A UV 
hypochromic effect and an excitonic Cotton signal are observed, in addition to singlet, 
excited state (W*), and fluorescence emission spectral shifts.  In a second peptide, Peptide 
MW, a Y5-W13 dyad is formed diagonally across the strand and distorts the backbone.  On 
the picosecond timescale, the W* excited state decay kinetics are similar in all the peptides, 
but are accelerated relative to amino acids in solution.  In Peptide MW, the W* spectrum 
is consistent with increased conformational flexibility.  In Peptide M and MW, the EPR 
spectra obtained after UV photolysis are characteristic of tyrosine and tryptophan radicals 
at 160 K.  Notably, at pH 9, the radical photolysis yield is decreased in Peptide M and MW, 
compared to a tyrosine and tryptophan mixture.  This protective effect is not observed at 
pH 11 and is not observed in peptides containing a tryptophan-histidine dyad or tryptophan 
alone.  The YW dyad protective effect is attributed to an increase in radical recombination 
rate.  This increase in rate can be facilitated by hydrogen-bonding interactions, which lower 
the barrier for the PCET reaction at pH 9.  These results suggest that the YW dyad structural 
motif promotes radical quenching under conditions of reactive oxygen stress. 
5.2 Introduction 
Proton coupled electron transfer (PCET) and electron transfer (ET) reactions are 
ubiquitous in biology and play essential roles in respiration, photosynthesis, and DNA 
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synthesis.1  In photosynthesis and DNA synthesis, these reactions involve the transient 
oxidation and reduction of the aromatic amino acids, tryptophan and tyrosine.  When 
produced in solution, these reactive aromatic species have microsecond lifetimes.  
However, the protein environment can stabilize the radicals and extend lifetimes out to the 
hours or days time scale.2-3  In addition, cellular reactions involving oxygen can produce 
singlet oxygen species, which are potentially reactive and damaging to biological 
macromolecules.  Cells have evolved mechanisms to avoid these deleterious side reactions 
of reactive oxygen, which can damage proteins (for examples, see refs 4-6). 
 Tyrosine-tryptophan (YW) dyads are conserved structural motifs in a variety of 
oxidoreductases and other enzymes.7-8  These dyads are identified as pairs or clusters of 
tyrosine-tryptophan side chains in which the inter-ring distance is less than 10 Å (for 
example, see 9).   A conserved tyrosine-tryptophan dyad is found in class 1a RNRs (Figure 
5.1A) and involves the tyrosyl radical initiator, Y122· and W48 (E. coli numbering).10   In 
PSII, two redox active tyrosines, YD and YZ (Figure 5.1B-E) 11-13 conduct light-induced 
ET and PCET reactions via a hopping mechanism in photosynthetic oxygen evolution.  The 
placement of tryptophan side chains near the two tyrosines, YD and YZ, distinguishes the 
two redox-active sites (Figure 5.1B-E).  This is of interest because, while YZ is essential 





Figure 5.1 YW interactions in X-ray structures of RNR (A, Y122, PDB 1MXR, ref 15), 
cyanobacterial (T. vulcanus) PSII (B, YZ, and C, YD, PDB 4UB6, ref 12) and spinach 
(S. oleracea) PSII (D, YZ and E, YD, PDB 3JCU, ref 13). F shows dihedral angles 
between tyrosine and tryptophan transition moments (µi and µj, respectively) and the 
inter-ring vector, Rij, in the lowest energy NMR structures of Peptide M (green) and 
Peptide MW (purple). The orientation of the transition moments is defined in refs 16-
18. 
 Due to the wide distribution of the YW dyad motif in enzymes, it has been proposed 
that these dyads may serve a protective function, possibly by minimizing oxidative damage 
caused by reactive oxygen species.  One protective mechanism could involve rapid radical 
transfer, through the dyad, to the protein surface.  At the surface, the oxidizing equivalents 
could be scavenged in cellular metabolism.7-8  In this case, the rate at which oxidizing 
equivalents are transferred to the surface must be slower than the catalytic reaction.  This 
mechanism could involve quenching of reactive oxygen species.  Reactive oxygen is 
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produced as a byproduct of UV damage and cellular reactions, which involve molecular 
oxygen.  The production of hydroxyl, superoxide, and singlet oxygen is facilitated by the 
presence of metal ions and known to involve oxidative damage of tryptophan.5, 19 Tyrosine-
tryptophan dyads could function as radical scavengers for these diffusive species. 
 To test the function of YW dyads in a structurally well-defined system, we have 
used 18-mer, de novo designed beta hairpin peptides.  Biomimetic peptide models or 
maquettes provide an incisive tool for studying non-covalent interactions (reviewed in ref 
20).  Previously, designed peptide and adapted protein models have been utilized to define 
the photochemical properties of tryptophan and tyrosine.  For example, the fluorescence 
emission of tryptophan has been studied in engineered beta hairpin peptides 21 and the ET 
properties of tryptophan have been studied in modified variants of azurin. 22  For tyrosine, 
redox properties and excited state spectra have been reported for a beta hairpin peptide, 
called Peptide A.23-24  The PSII-inspired hairpin, Peptide A, contains tyrosine and histidine 
and conducts a proton transfer from tyrosine to histidine when the tyrosine is oxidized in 
the mid-pH range.  The coupling of the PCET and ET reactions with conformational 
dynamics has been investigated in Peptide A with UV resonance Raman and molecular 
dynamics simulations.25-26  Time-resolved spectroscopy has been used to investigate the 
effects of non-covalent interactions on ET and PCET kinetics.27-28 The effect of a 
hydrophobic environment on PCET and ET of tyrosine has also been investigated in alpha 
helical peptides.29-31 
 UV resonance Raman (UVRR) studies of a RNR-inspired b-hairpin maquette, 
Peptide M, have also been reported previously.  This peptide contains a single tyrosine and 
a single tryptophan, which exhibit dipole-dipole coupling.  The unique UVRR spectrum of 
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Peptide M was suggested to be characteristic of charge transfer between tyrosyl radical and 
tryptophan.32 The UVRR spectrum of Peptide M was reported to be similar to the spectrum 
of the Y122-W48 in RNR.33  Here, we use this peptide and its sequence variants to examine 
the broader role of the YW dyads in structure and function.  The results suggest a role for 
dyads in structural stabilization and in radical scavenging. 
5.3 Materials and Methods 
5.3.1 Overview of Materials and Methods 
Peptides were synthesized by solid-phase synthesis (Genscript, Piscataway, NJ).  
NMR structures were determined using previously described methods.23, 32 CD spectra 
were collected in a Peltier-type cell using a Jasco J-810 spectropolarimeter.32  EPR 
spectroscopy was performed on a Bruker EMX spectrometer equipped with a liquid 
nitrogen cryostat.  A frequency quadrupled Nd-YAG laser was used for photolysis (266 
nm) methods.23, 32  TRAS were measured using a HELIOS spectroscopy system.27-28  The 
system consisted of a regeneratively amplified Ti:sapphire laser (100 fs pulse width) and a 
computer-controlled optical parametric amplifier (OPA) pumped by the amplified laser.  
The 280 nm photolysis pulse was generated by the fourth harmonic of the OPA.  Molecular 
dynamics simulations were performed using previously described methods.26  A more 
detailed summary of methods and spectroscopic approaches is given below. 
5.3.2 Samples 
Boric acid (99% purity), sodium hydroxide (99.5%), 2-(N-
morpholino)ethanesulfonic acid (MES, >99.5% purity), tyrosine (99.9% purity), and 
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tryptophan (³98% purity) were purchased from Sigma (St. Louis, MO).  Peptides were 
synthesized by solid-state synthesis and were purchased from Genscript (Piscataway, NJ; 
>95% purity).  The sequences of peptides employed in this study are shown in Figure 5.2, 
including Peptide A, Peptide M, Peptide MW, Peptide W, and Peptide WA14. 
5.3.3 Effect of pH 
In this work, peptide experiments were conducted at pH 9 and 11.  The pKa of 
tyrosine is 10.34  Therefore, in experiments conducted at pH 9, tyrosine is expected to be 
primarily in the neutral (YH) state.  The amino terminus will also titrate in this pH range.  
The terminal NH2- group has a pKa of 9.3 and will be ~50% protonated at pH 9, but 
unprotonated at pH 11.34  Histidine has a pKa of 6 23-24 and will be unprotonated in the 
singlet state of all the peptides at pH 9 and 11.  The tryptophan indole side chain does not 
titrate in this pH range. 
5.3.4 UV-Visible (UV-Vis) Spectroscopy 
Optical absorption spectra were recorded on a Shimadzu (Columbia, MD) UV-1700 
spectrometer at room temperature. The slit width and spectral resolution were 1 nm.32 
5.3.5 Circular Dichroism (CD) Spectroscopy 
CD spectra were acquired on a Jasco J-810 CD spectropolarimeter. The instrument 
was equipped with a Peltier-type cell. Spectra were collected from 250 to 193 nm in 1 mm 
quartz cuvettes. Eight accumulations per scan were averaged in triplicate from independent 
measurements. Parameters: sensitivity, 100 mdeg; data pitch, 2 nm; scan speed, 50 nm min-
1; response time, 1 s; bandwidth, 1 nm.32 
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5.3.6 Electron Paramagnetic Resonance (EPR) Spectroscopy 
EPR spectra 23 were recorded on a Bruker (Billerica, MA) EMX spectrometer with a 
Bruker ER 4102ST cavity and Bruker ER 4131VT temperature controller at 160 K.  Field 
swept spectra were acquired after ten UV flashes. Parameters: microwave frequency, 9.4 
GHz; microwave power, 200 µW; modulation amplitude, 4 G; modulation frequency, 100 
kHz; scan time, 164 s; number of scans, 3-12; time constant, 655 ms.  A microwave power 
saturation curve was monitored for each sample; samples exhibited no signal saturation at 
the microwave power employed here.  The 266 nm flash (~7 nsec) was supplied by a Nd-
YAG (Continuum, San Jose, CA) laser, equipped with two harmonic generators.  The laser 
energy was 35 mJ, and the beam dimensions were approximately 1 cm by 1 cm.  Some of 
the spectra were smoothed with a 13-point algorithm for presentation purposes. 
Experiments were conducted on at least two different samples. 
5.3.7 Fluorescence Spectroscopy 
Fluorescence spectra were recorded at room temperature on a Shimadzu (Columbia, 
MD) RF-5301PC fluorimeter in 1 cm cuvettes. Samples were excited at 266 nm with an 
excitation and emission slit width of 3 cm; the sampling interval was 1 nm.  Emission 
spectra were recorded from 280 to 450 nm; experiments were conducted in triplicate. 
5.3.8 Transient Absorption Spectroscopy (TRAS) 
TRAS data were acquired with a pump−white-light- continuum probe spectroscopy 
system (HELIOS, Ultrafast Systems, Sarasota, FL) using procedures previously 
described.27-28  The 280-nm photolysis pulse was generated using the fourth-harmonic 
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output of the OPA.  A white-light-continuum (WLC) probe beam with a spectral range of 
350−750 nm was generated by focusing less than 5% of the 800-nm amplified beam into a 
CaF2 crystal.  The probe signal was collected using a fiber-optic cable coupled to a 
spectrometer with a multichannel CMOS (complementary metal−oxide−semiconductor) 
sensor (spectral range of 300−900 nm).  The maximum time delay was 3.2 ns. The pump 
beam was chopped at 500 Hz to obtain the WLC spectrum without the pump and alternately 
with the 280- nm pump.  These data were used to calculate the transient spectra, represented 
as the changes in optical density or absorbance unit (AU).  Each transient spectrum at a 
given time delay was averaged for 4 s. The excitation pulse energy was 2−3 µJ. The optical 
path length of the quartz cuvette was 2 mm. The solutions had an optical density at 280 nm 
(OD280) of 0.25−0.50 in 2-mm-path-length cuvettes and were stirred throughout data 
acquisition to prevent photoinduced degradation.  To verify the integrity of the sample, 
steady-state absorption spectra were recorded before and after the ultrafast measurements 
on a Shimadzu UV-3101PC spectrophotometer. No significant change in the steady-state 
spectrum was observed. Data were fit using IGOR 6.43A software (Wavemetrics Inc., 
Oswego, OR). In some cases, sinusoidal oscillations were observed as noise on the kinetic 
transients; these oscillations were not fit during data analysis.   Formation of all the signals 
was complete in 3 ps.  Fits to the transient data, associated with decay, began at 3 ps. 
5.3.9 Nuclear Magnetic Resonance (NMR) Spectroscopy 
The NMR samples were prepared by dissolving 1.0 mg of the lyophilized peptide in 
350 µM sodium phosphate buffer at pH ~5 with 5% D2O.  All the NMR experiments were 
performed at 278 K on a Bruker 600 MHz spectrometer (Bruker Biospin, Billerica, MA). 
The homonuclear two dimensional TOCSY with 40 or 70 ms of mixing time and spectral 
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widths of 8000 Hz for both dimensions, was used to assign all resonances. The inter-
nuclear distances were determined using a series of homo-nuclear ROESY experiments 
with mixing times of 50, 100, 200, 250, 300 and 400 ms.  Spectra were processed using 
NMRPipe and analyzed using Sparky software. The fingerprint region of the ROESY 
acquired at a mixing time of 250 ms is shown in Figure 5.7. 
NMR structural analysis was conducted by methods previously described.23, 32 A 
total of 125 ROEs consisting of 66 inter- and 59 intra-residues, and 154 ROEs, 74 inter- 
and 80 intra-residues, respectively for Peptide MW and Peptide W, were used for structure 
calculations. The complete resonance assignment is reported in Table 5.2 and Table 5.3. 
Table 5.4 includes measured coupling constants for Pep W and Pep MW.  Peak volumes 
were classified as strong, medium and weak corresponding to distance restraints of 1.8-2.9, 
1.8-3.6 and 1.8-6.0 Å, respectively. For residues showing 3JNH-Ha > 8.0 Hz angles were 
restricted to a range of -160 to -80 degrees. For both peptides, structural ensembles were 
calculated starting from extended structure and minimized using a hybrid simulated 
annealing (SA) protocol present in XPLOR-NIH package. 50 conformers were generated 
using an initial temperature of 1000K with 50000 high temperature steps and 6000 cooling 
steps. Generated conformers were minimized by introducing Lennard-Jones potential, van 
der Waals, and electrostatic interactions using an initial temperature Ti of 1000K with 
45000 cooling steps. The 20 lowest energy conformers with no NOE violations greater 
than 0.5 Å, no bond violations greater than 0.05 Å, and no bond violation greater than 4°, 
were selected for further analysis and reported in Figure 5.4. 
5.3.10 Molecular Dynamics (MD) Simulations 
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MD simulations were conducted by methods previously described.26  Briefly, the 
starting states of the peptides were based upon the NMR structure determined here.  All 
simulations utilize the CHARMM36 force field for proteins.35  Parameters for the tyrosyl 
radical were determined by us previously.26  Simulations were carried out with NAMD 36 
at 300 K and 1 atm, maintained using Langevin dynamics and the Langevin piston 
methods, respectively.  A 2-fs time step was used with bonded and short-range non-bonded 
interactions calculated every time step.  Long-range interactions were calculated every two 
time steps using the particle-mesh Ewald (PME) method.37  The long-range cutoff was 12 
Å with a switching function beginning at 10 Å.  System setup and analysis were done using 
VMD.38  For Peptide M, MW, and W, simulations were conducted for charge states 
represented at pH 9.0 (YW).    For Peptide M, simulations were also conducted in the 
charge state generated at pH 11 (Y-W). Replica-Exchange with Solute Tempering (REST2) 
simulations39-40 were also run for 100 ns each for Peptide M, MW, and W.  A total of 12 
replicas covering a temperature range from 300 K to 600 K were used with exchange rates 
of 20-40%.  All analysis and plots presented are for the lowest temperature replica only. 
5.4 Results 
5.4.1 Sequences and NMR Structures 
Figure 5.2 presents the primary sequences of the b-hairpin peptides investigated in 
this paper, named Peptides M (B), MW (C), W (D), and WA14 (E).  As a control in some 
experiments, Peptide A, was used (Figure 5.2A).  Peptide A is a stably folded beta 
hairpin.23-24  Peptide A does not contain a YW dyad, but is a tyrosine-histidine containing 
peptide.  In the lowest energy NMR structures, Peptide A forms a beta hairpin with a pi-pi 
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interaction between tyrosine (Y5) and histidine (H14) (Figure 5.2A).   The average 
structure shows that Peptide A is stabilized by two D-R salt bridges and contains an 
arginine at position 12, which has a pi-cation interaction with H14.  Peptide M (Figure 
5.2B) is a sequence variant of Peptide A, which is designed to contain a dyad and in which 




Figure 5.2 Primary sequences and predicted beta turn in Peptide A (A), Peptide M 
(B), Peptide MW (C), Peptide W (D), and Peptide WA14 (E). 
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Previously, we determined the NMR structure of Peptide M 32.  This structure 
shows that the Y5 and W14 aromatic rings do indeed interact as a dyad and exhibit a pi-pi 
interaction (Figure 5.3B and ref 32).  Note that Y5 and W14 are not hydrogen bonded to 
each other in the lowest energy structure.  In the sequence variant, Peptide MW (Figure 
5.2C), the tryptophan side chain is placed at position 13, with an alanine substituted at 
position 14.   The NMR structure of Peptide MW reported here reveals a folded beta 
hairpin, in which Y5 and W13 form a dyad from opposite sides of the hairpin (Figure 5.3C).   
Peptide W contains a tryptophan substituted at position 5 and a histidine at position 14 
(Figure 5.2D).  The NMR structure of Peptide W confirms the formation of a WH 
interacting, cofacial pair in this peptide, formed from the same side of the beta hairpin 
(Figure 5.3D).  Peptide WA14 was used as a control; this peptide contains only one 
aromatic group, W5 (Figure 5.2E).    Peptide WA14 forms a beta hairpin (Figure 5.3E) as 




Figure 5.3 Lowest energy NMR structures of (A) Peptide A, (B) Peptide M, (C) 
Peptide MW, and (D) Peptide W. In (E), a PEP-FOLD 41 model of Peptide WA14. 
Figure 5.3 and Figures 5.4-5.7 provide a summary of the NMR data on these 
peptides and compare the results with the NMR structure of the original Peptide A.  The 
orientation of the aromatic rings in Peptide M and MW is cofacial (Figure 5.3 and Figure 
5.4).  The cofacial arrangement and inter-ring distances are similar in the 20 lowest energy 
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structures (Figure 5.4).  The chemical shifts reflect the average of all of the possible 
conformations that are in solution.  Although there is a population still folded as reflected 
by the dipolar contacts (Figure 5.5), in the mutated peptides, the folded population is lower.  
As shown in the chemical shift index (Figure 5.6), the chemical shifts change with the 
mutations.  Table 5.1 summarizes the distance between aromatic groups in the lowest 
energy structures of Peptide MW (Table 5.1A), W (Table 5.1B) and Peptide M (Table 
5.1C). In Peptide M, the average distance between the phenolic oxygen of Y5 and the 
indole nitrogen of W14 is ~6 Å, as reported previously.32  For Peptide MW, the average 
distance between the phenolic oxygen of Y5 and the indole nitrogen of W13 is ~7 Å.  W5 
and H14 in Peptide W are measured to be ~6 Å apart. Resonance assignments for Peptide 
W and Peptide MW are given in Table 5.2 and 5.3, respectively. Table 5.4 shows the 









Figure 5.5 Graphical summary of NMR constraints for beta hairpins.  Short and long 
range coupling for the backbone and sidechains of Peptide A, Peptide M, Peptide W, 
and Peptide MW.  The NMR structure of Peptide A was reported previously in ref 23, 




Figure 5.6 Chemical shift index derived from the NMR structures of Peptide A, 
Peptide M, Peptide W, and Peptide MW. The chemical shifts for random coil were 
obtained according to the tool at 





Figure 5.7 Fingerprint regions of A) Pep W and B) Pep MW extracted from the 2D 







Table 5.1 Distances (Å) derived from the 20 lowest energy NMR structures of Peptide 
MW (A), Peptide W (B), and Peptide M (C) 











1 7.3 1.6 2.9 4.0 3.3 
2 7.4 1.7 3.1 2.0 3.2 
3 7.5 2.3 2.9 3.7 3.3 
4 6.9 4.9 4.1 5.2 5.3 
5 7.3 5.6 4.2 3.2 3.4 
6 7.3 1.5 2.9 2.9 3.1 
7 7.4 5.1 4.0 3.2 3.3 




Table 5.1 continued 
9 7.4 1.7 3.2 3.1 3.9 
10 7.4 5.1 5.1 1.4 3.2 
11 7.4 2.7 3.3 3.0 3.0 
12 7.3 5.2 4.0 3.2 2.4 
13 7.5 5.9 4.8 4.1 4.3 
14 7.3 2.3 3.1 1.5 3.1 
15 7.3 2.9 2.5 1.6 2.8 
16 7.4 4.6 3.9 3.5 3.6 
17 7.4 2.4 3.0 3.5 3.5 
18 7.2 3.7 3.8 1.4 3.1 
19 7.3 6.3 5.0 5.3 5.0 
20 7.4 6.0 5.0 4.4 4.7 
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Table 5.1 continued 











1 5.9 6.9 8.5 8.7 9.6 
2 4.5 7.6 6.5 5.8 6.5 
3 5.3 7.7 6.3 6.1 5.6 
4 5.2 9.4 8.3 8.2 8.5 
5 6.6 6.0 4.8 3.1 3.3 
6 5.5 7.0 7.5 4.4 5.7 
7 6.0 9.1 9.8 7.4 9.1 




Table 5.1 continued 
9 6.0 11.7 12.0 10.6 12.2 
10 5.4 7.0 7.9 5.0 6.3 
11 5.9 12.4 12.5 11.7 12.9 
12 6.2 11.1 11.3 9.9 11.5 
13 6.1 11.7 11.9 10.4 12.0 
14 4.8 6.9 5.8 4.0 4.5 
15 5.7 11.1 11.8 11.6 13.2 
16 5.7 11.7 11.8 10.9 12.1 
17 5.1 7.3 6.1 5.8 6.3 
18 5.8 6.6 7.7 5.8 7.3 
19 5.9 9.3 9.7 8.1 9.8 
20 6.0 12.5 12.8 11.1 12.9 
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Table 5.1 continued 











1 6.1 9.3 9.7 9.7 10.9 
2 5.9 6.4 7.2 8.2 9.2 
3 6.2 5.4 5.2 1.5 3.1 
4 6.0 9.3 9.7 7.9 9.6 
5 6.4 2.8 3.7 1.4 3.1 
6 6.3 4.2 4.2 1.5 3.1 
7 6.3 8.5 6.9 5.5 5.4 




Table 5.1 continued 
9 6.7 5.7 4.2 3.7 3.3 
10 6.2 4.9 4.4 2.9 2.9 
11 6.5 5.1 4.8 7.3 6.8 
12 6.4 7.0 6.0 7.4 7.0 
13 6.4 8.4 7.5 9.5 9.0 
14 6.9 7.8 8.0 7.7 8.8 
15 6.7 4.8 4.4 2.7 2.8 
16 6.7 6.5 6.1 5.0 5.3 
17 6.0 9.2 7.6 7.1 6.5 
18 6.6 6.9 5.7 5.7 5.8 




Table 5.1 continued 
20 6.3 6.7 6.0 7.3 7.1 
*The distance to the closest–NH group (η1 or η2) of R16 is presented. 
Table 5.2 Resonance assignments of 1H chemical shifts of Pep W at pH 5.0 using 
solution NMR experiments. 
Residue NH (ppm) CaH (ppm) CbH (ppm) Others (ppm) 
I1 NA 4.049 2.091 NA 
M2 8.926 4.681 2.206-2.138 g -CH2 2.732 
D3 8.822 4.783 2.852  
R4 8.591 4.321 1.782 g -CH2 1.504 
d-CH2 3.0.88 




Table 5.2 continued 
W5 8.186 4.883 3.424/3.529 5-H 7.205 z3 
6-H 7.301 h2 
7-H 7.531 z2 
4-H 7.672 e 
R6 8.034 4.424 1.957 – 1.834 g -CH2 1.645 
d-CH2 3.224 
NH  7.346 





Table 5.2 continued 
R8 8.669 4.521 1.948 g -CH2 1.771 
d-CH2 3.254 
NH  7.343 
 
N9 8.772 4.819 2.947- 3.021  
G10 8.637 4.130   
D11 8.424 4.851 2.998  
R12 8.509 4.521 1.965 g -CH2 1.797 
d-CH2 3.25186 
NH  7.346 
I13 8.292 4.288 1.996 g -CH 1.587 




Table 5.2 continued 
H14 8.872 4.916 3.383 - 3.308 g-H 7.442 
e-H 8.672 
I15 8.474 4.313 1.988 g -CH 1.628 
d-CH3  1.341 
R16 8.714 4.528 1.965 g -CH2 1.827 
d-CH2 3.251 
NH  7.346 
L17 8.330 4.425 2.067 g -CH 1.793 
d-CH3  -- 






Table 5.3 Resonance assignments of 1H chemical shifts of Pep MW at pH 5.0 using 
solution NMR experiments. 
Residue NH (ppm) CaH (ppm) CbH (ppm) Others (ppm) 
I1 NA 4.079 1.999 NA 
M2 8.881 4.711 2.254 g -CH2 2.781 
D3 8.823 4.858 3.023 -2.876  
R4 8.587 4.547 1.856 g -CH2 1.595 
d-CH2 3.128 
NH  7.141 
Y5 8.402 4.851 3.294 - /3.142 3,5-H 7.257 d 





Table 5.3 continued 
R6 8.190 
 
4.615 1.856 g -CH2 1.705 
d-CH2 2.962 
NH  7.133 
V7 8.442 4.350 2.253 g -CH3 1.153 
 
R8 8.691 4.455 1.959/1.834 g -CH2 1.689 
d-CH2 3.070 
NH  7.166 
N9 8.674 4.868 3.005 -2.937  
G10 8.643 4.118   




Table 5.3 continued 
R12 8.255 4.457 1.849 g -CH2 1.574 
d-CH2 3.188 
NH  7.145 
W13 8.224 4.976 3.491 – 3.368 5-H 7.115 z3 
6-H 7.439 h2 
7-H 7.479 z2 
4-H 7.557 e 
A14 8.313 4.564 1.504  
I15 8.237 4.416 1.840 g -CH 1.722 




Table 5.3 continued 
R16 8.597 4.601 2.019 g -CH2 1.800 
d-CH2 3.109 
NH  7.261 
L17 8.573 4.633 1.879 g -CH 1.761 
d-CH3  1.099 
R18 8.307 4.465 1.977 g -CH2 1.823 
d-CH2 3.201 
NH  7.264 
 
Table 5.4 Measured coupling constant 3JHNa (Hz) for Pep W and Pep MW. 
Pep W 3JHNa (Hz) Pep MW 3JHNa (Hz) 




Table 5.4 continued 
M2 7.2 M2 6.1 
D3 7.0 D3 7.0 
R4 10.1 R4 6.4 
W5 7.0 Y5 6.8 
R6 7.4 R6 6.5 
V7 11.1 V7 9.9 
R8 8.1 R8 7.1 
N9 6.8 N9 8.6 
G10 12.0 G10 11.0 
D11 7.1 D11 8.2 




Table 5.4 continued 
I13 9.8 W13 9.2 
H14 7.4 A14 6.4 
I15 9.8 I15 10.2 
R16 7.1 R16 9.0 
L17 9.1 L17 6.7 
R18 7.2 R18 9.5 
5.4.2 Molecular Dynamics Simulations 
Simulations of Peptide M, MW, and W were conducted over 200 ns, repeated four 
times for each peptide (2.4 µs in total; Figure 5.8).  Additionally, one 100-ns Replica-
Exchange with Solute Tempering (REST2) simulation was run for each peptide (Figure 
5.9), which allows for enhanced sampling at increased computational cost. 39-40  These 
simulations represent the charge state at pH 9, in which the W and Y side chains are net 
neutral.  The simulations of Peptide M are consistent with a stable folded structure in most 
of the simulation runs (Figure 5.9A).  In Peptide MW, interactions between Y and W are 
formed and distort the peptide backbone (Figure 5.9B).  Peptide W simulations are 
consistent with a stable folded structure in all four equilibrium simulation runs (Figure 5.8); 
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however, in the REST2 run the β-sheet is lost for most of the simulation, although the 
hairpin is still compact (Figure 5.9A).  A summary of average distance and hydrogen 
bonding, as derived from the simulations, is presented graphically in Figure 5.10.  The 
distance between tryptophan and tyrosine or tryptophan and histidine is relatively invariant 
on the 200-ns time scale at pH 9.   Simulations of Peptide M at pH 11 were also conducted; 
at this pH,  the tyrosine side chain is deprotonated (Figure 5.11).   The change in charge 




Figure 5.8 Time evolution of secondary-structure assignment per residue of Peptide 
M (top), Peptide W (middle), and Peptide MW (bottom). Simulation runs 1-4 are 
shown for each peptide. The legend uses DSSP classification: T is β turn, E is β sheet, 




Figure 5.9 MD simulations of Peptide M, W, and MW.  (A) Time evolution of 
secondary-structure assignment per residue of Peptide M (top), Peptide W (middle), 
and Peptide MW (bottom) during REST2 simulations. The legend uses DSSP 
classification: T is β turn, E is β sheet, B is β bridge, H is α helix, G is 310 helix, I is π 





Figure 5.10 Results from MD simulations of beta hairpins at pH 9.0.  Distance 
between the (A) side-chain oxygen of Y5 and side-chain nitrogen of W14 for four runs 
of Peptide M, (B) side-chain nitrogen of W5 and the side-chain epsilon nitrogen of 
H14 for four runs of Peptide W, and  (C) side-chain oxygen of Y5 and the side-chain 
nitrogen of W13 for four runs of Peptide MW.  The charge state is YW, corresponding 
to pH 9.  (D) Distances in the REST2 runs.  We note that replica-exchange trajectories 





Figure 5.11 Results of MD simulations of Peptide M at pH 11.  In (I), time evolution 
of secondary-structure assignment per residue, in (II), the distance between the side-
chain oxygen of Y5 and side-chain nitrogen of W14 for four runs, and in (III), 
snapshots of structures.  The legend at the bottom of (I) uses DSSP classification in 
which T is β turn, E is β sheet, B is β bridge, H is α helix, G is 310 helix, I is π helix, 
and C is unstructured coil. The charge state of the dyad is Y- W, in which the 
tyrosinate side chain is negatively charged, as expected at pH 11. 
5.4.3 CD and Excitonic Splitting 
Figure 5.12 presents CD data derived from the beta hairpin peptides.  For 
comparison, the signal from Peptide A (I, pink, solid line), derived at pH 9 and 20 °C, is 
presented.  This signal exhibits negative ellipticity at 200 nm and is characteristic of a b-
hairpin.   Similar results were obtained from Peptide M (IIA, purple, solid line) and Peptide 
MW (IIIA, black, solid line).   After heating to 80 °C, negative ellipticity at 200 nm is lost 
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in all three peptide samples (Figure 5.12, I, II, III, dot-dashed lines).  All samples refold 
reversibly with cooling back to 20 °C, as assessed by recovery of the CD signal (Figure 
5.12, I, II, III, dashed lines).  A similar signal was also observed in Peptide W and WA14 
at 20 °C and pH 9.   We conclude that all the peptides form thermally stable beta hairpins 
at 20 °C. 
We previously reported a CD-detected Cotton signal, derived from excitonic 
coupling within the YW dyad of Peptide M.  This signal arises from coupling between the 
1Bb band of tryptophan and the 1La band of tyrosine. The exciton splitting depends on the 
magnitude and directions of the transition dipole vectors, µi and µj, and the 
interchromophore distance (Rij) vectors (Figure 5.1F) between the aromatic side chains.16-
17  This signal is apparent in Figure 5.12, IIB, solid, which presents the difference CD signal 
between Peptide M and Peptide A.  The Peptide M excitonic splitting is sensitive to melting 
(Figure 5.12, IIB, dashed), consistent with loss of the excitonic interaction when the peptide 
unfolds.  As observed in Panel IIIB, the difference spectrum derived from Peptide MW 
also exhibits an excitonic coupling signal (solid), which is sensitive to melting (dashed).   
Given the signal to noise ratio, the signal in Peptide MW is similar to the excitonic splitting 
found in Peptide M.  This result indicates that the average electronic interaction between 
the tyrosine 1La and tryptophan 1Bb states are similar, when averaged over the solution 




Figure 5.12 CD spectra of Peptide A (I, pink), Peptide M (IIA, purple), and Peptide 
MW (IIIA, black), pH 6.5. The spectra were acquired at 20 °C (solid line, pre-melt), 
80 °C (dot-dashed line) or 20 °C (dashed line, post-melt). In IIB, difference CD spectra 
are shown in cyan, corresponding to Peptide M (IIA, purple)-minus-Peptide A (I, 
pink). In IIIB, difference CD spectra are shown in gold, corresponding to Peptide 
MW (III, black)-minus-Peptide A (I, pink). Data were obtained at 20 °C (IIB, cyan; 
IIIB, gold; solid line; pre-melt) or at 80 °C (IIB, cyan; IIIB, gold; dot-dashed line). 
Amplitude of differential signal noted as a vertical line (IIB, cyan, 3.1 mdeg; IIIB, 
gold, 4.5 mdeg). Analyte concentration, 200 µM; buffer, 5 mM MES, pH 6.5. The tick 
marks on the y axis denote 2 mdeg. Difference CD spectra (B, cyan and C, gold) are 
multiplied by a factor of 2 for presentation purposes. 
5.4.4 UV-Vis Spectrum 
The UV spectra of Peptides M, MW, W, and WA14 are compared to tryptophan 
and a tyrosine-tryptophan mixture in Figure 5.13, I-II.  At the same concentration, the UV 
absorbance of the peptides is decreased.  The 266 nm extinction coefficient of the peptides 
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was therefore determined at pH 9 (Figure 5.13, IV) and found to be reduced by 
approximately a factor of 2, relative to tryptophan, in all the peptides (5000 M-1 cm-1 in 
tryptophan, average 2700 M-1 cm-1 in the peptides).  Such hypochromism is well 
documented in nucleic acids and also alters the UV absorption bands of peptides and 
proteins.  This effect has been attributed to exciton coupling (dipole-dipole), dipole-
induced dipole effects, and/or electrostatic effects.44-46  After normalization to account for 
the difference in their extinction coefficients, red shifts of the Peptide M and MW spectra 
are observed, relative to tryptophan, Peptide W, and Peptide WA14 (Figure 5.13, III).  For 
Peptide M, this red shift was reported previously and attributed to a dipole-dipole 
interaction.32  Note that previous work has shown that the peak potentials of the aromatic 
amino acids in Peptide M are similar to the peak potential of a mixture of aqueous tyrosine 
and tryptophan, so the impact of dipole-dipole interactions in the ground and radical states 




Figure 5.13 UV spectra of amino acids and peptides (I, II, III) and hypochromic effect 
in peptides (IV).  Samples in (I-IV): a 1:1 mixture of tyrosine and tryptophan 
(orange), Peptide M (purple), Peptide MW (black), tryptophan (green), Peptide W 
(teal), and Peptide WA14 (yellow).  In III, traces from I are replicated and normalized 
by the extinction coefficient at 266 nm (in IV) to highlight the red-shifted UV 
spectrum of Peptide M and Peptide MW.   In (IV), determination of 266 nm extinction 
coefficients.  The buffer contained 5 mM borate, pH 9.  Error bars represent the 
standard deviation of three replicate measurements. 
5.4.5 Fluorescence Emission Spectrum 
The fluorescence spectrum of tryptophan is known to be sensitive to the placement 
of charges near the indole ring.47  For example, in crystallins, tryptophan-tryptophan 
interactions red shift the emission spectrum 19, and it has been reported that electron 
 
 208 
transfer to the amide backbone can quench fluorescence 48.  To investigate any impact of 
the YW dyad on the fluorescence emission spectrum, spectra of Peptide M and MW (Figure 
5.14A, purple and black, respectively) were compared to an equimolar mixture of amino 
acids (orange), tyrosine in solution (blue), and tryptophan in solution (green) with 
fluorescence excitation at 266 nm.  After correction for the extinction coefficient change 
in the peptides (Figure 5.13, IV), there is little significant quenching of tryptophan 
fluorescence in the peptides, relative to an aqueous solution of tryptophan.  However, 
tyrosine fluorescence is quenched in the YW dyad peptides; this effect is attributed to 
Förster transfer from tyrosine to tryptophan in the dyad.  In addition, the fluorescence 
emission spectrum of Peptide M (purple) is significantly blue shifted (5 nm), compared to 
a mixture of amino acids (orange), under the same conditions.  The blue shift is observed 
at three different concentrations (Figures 5.14B and C), and Peptide MW (Figure 5.14C) 
behaved similarly to Peptide M (Figure 5.14B).   The blue shift is attributed to interaction 




Figure 5.14(A) Fluorescence emission spectra derived from a 1:1 tyrosine and 
tryptophan mixture (orange), tyrosine (blue), tryptophan (green), Peptide M 
(purple), Peptide MW (black) and a buffer background (grey).  The Peptide M and 
Peptide MW fluorescence spectra were normalized using the UV absorption 
extinction coefficients shown in Figure S9.  The analyte concentration was 25 µM.  In 
(B), concentration dependence of the emission spectrum derived from a 1:1 mixture 
of tyrosine and tryptophan (orange) or Peptide M (purple). In (C), concentration 
dependence of the emission spectrum derived from a 1:1 mixture of tyrosine and 
tryptophan (orange) or Peptide MW (black).  In (B and C), the analyte concentration 
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was 25 µM (solid), 12.5 µM (dotted), or 7.5 µM (dot-dashed).  The buffer contained 5 
mM borate, pH 9.  Tick marks denote 100 intensity units. 
5.4.6 TRAS, Tryptophan and Tyrosine Amino Acid Solutions 
Figure 5.15A presents TRAS, obtained from aqueous solutions of tryptophan after 
a femtosecond UV (280 nm) photolysis flash at pH 9.0.  The spectra were acquired on the 
picosecond time scale, starting 3 ps (black) after the 280-nm pulse.  The 3-ps spectrum 
(black) is dominated by three bands at ~360, 450, and 580 nm (Figure 5.15A).   The band 
at 340 nm arises from the S1 excited state of the indole ring in tryptophan.  The 450- and 
580-nm bands have also been assigned to the W* tryptophan excited state by picosecond 
spectroscopy and electronic structure calculations.49  In the spectral region shown in Figure 
5.15A, there are possible overlapping contributions from photoionization products, namely 
the tryptophan cation radical at 580 nm and the tryptophan neutral radical at 510 nm.  The 
pKa of the tryptophan cation radical is 4.3; the deprotonation time is expected to be 10-6 s-
1, so the neutral radical is not expected to contribute on the ps time scale.49  Similarly, 
formation of the triplet species, which absorbs at 430 nm, is not expected in oxygen-
containing buffers on this time scale. The solvated electron makes a spectral broad 
contribution in the range from 650 to 700 nm. 
Decay kinetics were monitored at selected wavelengths as a function of time, at 15 
(blue), 33 (green), 513 (orange), 1033 (purple), and 2033 (pink) ps after the 280 nm flash.  
Biexponential fits and residuals are shown in Figure 5.16A; the data are presented on a 
semi-logarithm scale in Figure 5.17.  On this time scale, the 360 nm band does not 
significantly decay in tryptophan (Figure 5.17A).  The decay kinetics of the 520 nm band 
(Figure 5.17D) can be fit with a biexponential function with rate constants of 4 ps (4%) 
 
 211 
and 1000 ps (38%) (Table 5.5).   Decay kinetics at 410, 460, 580, and 650 nm were also 
monitored (Figure 5.17B-C, E-F), and the wavelengths at which appreciable decay 
occurred were also fit with two exponentials.  The need for two exponentials may be 
explained by a distribution of backbone conformers in solution.50-51  The fits were 
consistent at all wavelengths, with fast phases in the 3-10 ps range and slow phases in the 
1000-1900 ps range (Table 5.5).  In tryptophan at pH 9, a new signal grows in on the 3 ps 
to 2 ns time scale (Figure 5.15A) as a band at 420 nm.  Previously, this signal has been 
assigned to a photoproduct, produced as a result of indole ring protonation by the amino 
terminus of tryptophan.52  TRAS and kinetic data were also derived from an aqueous 
mixture of tryptophan and tyrosine (Figures 5.15B and Figure 5.16B).  The bands and 
kinetics were indistinguishable when compared to those acquired from tryptophan alone, 
because spectral contributions derived from tyrosine are less intense compared to 
tryptophan (Figures 5.18 and 5.19).  TRAS and kinetics were acquired from tryptophan at 
pH 11 (Table 5.6 and Figures 5.20 and 5.21).  The photoproduct was not formed at pH 11, 




Figure 5.15 TRAS derived from (A) tryptophan, (B) a 1:1 mixture of tryptophan and 
tyrosine, (C) Peptide M, (D) Peptide MW, (E) Peptide W, and (F) Peptide WA14 after 
UV photolysis at pH 9. Spectra were obtained at 3 (black), 15 (blue), 33 (green), 513 





Figure 5.16 Decay kinetics obtained from TRAS of amino acid and beta hairpins after 
UV photolysis at pH 9.  Data were acquired from (A) tryptophan, (B) a 1:1 mixture 
of tyrosine and tryptophan, (C) Peptide M, (D) Peptide MW, (E) Peptide W, and (F) 
Peptide WA14.  Spectra were monitored at selected wavelengths; 360 nm (black 
circles), 410 nm (red squares), 460 nm (green triangles), 520 nm (blue triangles), 580 
nm (purple diamonds) and 650 nm (cyan diamonds).  Bi-exponential fits (starting 
from 3 ps) are superimposed as solid lines, and the open symbols at the bottom of each 
panel are the corresponding residuals.  The data were averaged from at least two 
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independent measurements.  The averaged data were normalized with respect to the 
maximum absorbance, which occurred at 2-3 ps.  Fitting parameters are presented 
in Table 5.5. Selected data are reproduced in Figure 5.17 on a semi-logarithm plot.  
Analyte concentration, 1 mM; buffer, 5 mM borate-NaOH. 
 
Figure 5.17 Decay kinetics obtained from TRAS of amino acid and selected peptides 
after UV photolysis at pH 9. Data were acquired from tryptophan (green), Peptide M 
(purple), and Peptide W (pink). Spectra were monitored at 360 nm (A), 410 nm (B), 
460 nm (C), 520 nm (D), 580 nm (E) and 650 nm (F). Bi-exponential fits (starting from 
3 ps) are superimposed as solid lines (Table 5.5). The averaged data were normalized 
with respect to the maximum absorbance, which occurred at 2-3 ps. A comparison of 
all the kinetic data with residuals is shown in Figure 5.16.  Analyte concentration, 1 
mM; buffer, 5 mM borate-NaOH. 
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Table 5.5 Kinetic constants derived from biexponential fits to TRAS of amino acids 
and peptides at pH 9 (t, time constant, A, amplitude) 
 t1 A1 (%) t2 A2 (%) y0 (%) c2 
Tryptophan       
345 nm n.d.*      
410 nm n.d.      
460 nm 10 ± 2.9 0.06 ± 0.01 1933 ± 103 0.21 ± 0.01 0.66 0.016
4 
520 nm 4 ± 3 0.04 ± 0.01 1050 ± 27 0.38 ± 0.01 0.56 0.024
8 
580 nm 10 ± 7.4 0.03 ± 0.00 1270 ± 30 0.42 ± 0.01 0.51 0.019
4 





Table 5.5 continued 
Tyr + Trp       
345 nm n.d.      
410 nm n.d.      
460 nm n.d.      
520 nm 18 ± 4 0.14 ± 0.02 925 ± 67 0.26 ± 0.01 0.56 0.051
7 
580 nm 23 ± 10 0.09 ± 0.02 861 ± 64 0.28 ± 0.02 0.58 0.057
1 
650 nm 21 ± 8 0.10 ± 0.02 751 ± 57 0.28 ± 0.02 0.59 0.056
1 




Table 5.5 continued 
345 nm 24 ± 9 0.09 ± 0.2 1345 ± 64 0.42 ± 0.01 0.48 0.052
6 
360 nm 15 ± 4 0.14 ± 0.02 1000 ± 70 0.30 ± 0.01 0.36 0.063
2 
410 nm 16 ± 2 0.19 ± 0.01  1130 ± 185 0.29 ± 0.02 0.42 0.019
3 
460 nm 28 ± 5 0.15 ± 0.01 1406 ± 349 0.32 ± 0.03 0.52  0.028
2 
520 nm 33 ± 8 0.14 ± 0.02 1515 ± 500 0.35 ± 0.05 0.49 0.043
5 
580 nm 15 ± 6 0.12 ± 0.00 1413 ± 80 0.51 ± 0.02 0.33 0.143
6 





Table 5.5 continued 
Peptide MW       
360 nm 90 ± 60 0.10 ± 0.04 1413 ± 121 0.43 ± 0.02 0.22 0.103
2 
410 nm 20 ± 10 0.08 ± 0.02 1126 ± 213 0.45 ± 0.03 0.27 0.060
4 
460 nm 32 ± 30 0.05 ± 0.03 1122 ± 251 0.49 ± 0.03 0.37 0.086
3 
520 nm 53 ± 68 0.03 ± 0.02 1245 ± 208 0.59 ± 0.03 0.32 0.043
3 





Table 5.5 continued 
650 nm 13 ± 14 0.04 ± 0.02 1278 ± 103 0.54 ± 0.02 0.33 0.008
1 
Peptide W       
345 nm 1.0 ± 0.5 0.11 ± 0.03 450 ± 32 0.40 ± 0.01 0.38  0.054
9 
360 nm 2.0 ± 1.4 0.10 ± 0.00 571 ± 36 0.35 ± 0.01 0.33 0.108
1 
410 nm 2.0 ± 0.4 0.20 ± 0.02 601 ± 42 0.36 ± 0.01  0.36  0.032
6 
460 nm 2.0 ± 0.7 0.14 ± 0.03 828 ± 84 0.42 ± 0.02 0.46  0.058
4 





Table 5.5 continued 
580 nm 1.0 ± 0.8 0.09 ± 0.02 907 ± 81 0.49 ± 0.02 0.42 0.053
7 




      
360 nm 8.2 ± 1.9 0.13 ± 0.01 809 ± 72 0.40 ± 0.01 0.23 0.031
8 
410 nm 11 ± 2.2 0.16 ± 0.01 776 ± 89 0.32 ± 0.01 0.32 0.030
0 





Table 5.5 continued 
520 nm 19 ± 6.2 0.12 ± 0.02 1020 ± 183 0.42 ± 0.02 0.41 0.058
6 
580 nm 21 ± 5.0 0.12 ± 0.01 1154 ± 152 0.48 ± 0.02 0.39 0.030
5 
650 nm 20 ± 3.0 0.17 ± 0.01 1300 ± 196 0.44 ± 0.03 0.34 0.025
8 




Figure 5.18 TRAS of (A) tryptophan and (B) tyrosine at pH 9 after UV photolysis.  
Spectra were obtained at 3 (black), 15 (blue), 33 (green), 513 (orange), 1033 (purple), 
2033 (pink) ps.  The spectra in (A) and (B) are plotted on the same scale. The spectra 
were averaged from at least three independent measurements.  Analyte 
concentration, 1 mM; buffer, 5 mM borate-NaOH.  Figure 5.18A is repeated from 






































Figure 5.19 Decay kinetics obtained from TRAS of amino acids after UV photolysis.  
Data were acquired from (A) tryptophan and (B) tyrosine at pH 9.  Spectra were 
monitored at selected wavelengths; 345 nm (black circles), 410 nm (red squares), 460 
nm (green triangles), 520 nm (blue triangles), 580 nm (purple diamonds) and 650 nm 
(cyan diamonds).  Bi-exponential fits (starting from 3 ps) are superimposed as solid 
lines, and the open symbols at the bottom of each panel are the corresponding 
residuals.  The data were averaged from at least two independent measurements. The 
averaged data were normalized with respect to the maximum absorbance, which 
occurred at 2-3 ps.  Fitting parameters for (A) are presented in Table 5.5.  Analyte 


















































Table 5.6 Kinetic constants derived from biexponential fits to TRAS of amino acids 
and peptides at pH 11 (t, time constant, A, amplitude) 
 t1 A1 (%) t2 A2 (%) y0 (%) c2 
Tryptophan       
345 nm 125 ± 84 0.04 ± 0.01 1978 ± 401 0.10 ± 0.01 0.82 0.017
3 
410 nm 3.0 ± 0.5 0.08 ± 0.01 2698 ± 107 0.15 ± 0.01  0.58 0.005
4 
460 nm 9.0 ± 0.0 0.04 ± 0.01 3199 ± 139 0.21 ± 0.01 0.66 0.009
1 
650 nm 9.5 ± 2.0 0.06 ± 0.01 3209 ± 191 0.24 ± 0.01 0.65 0.015
0 




Table 5.6 continued 
345 nm 46 ± 22 0.14 ± 0.03 1139 ± 88 0.47 ± 0.02 0.32 0.156
0 
410 nm 21 ± 2.1 0.26 ± 0.01 804 ± 91 0.33 ± 0.01 0.26 0.021
8 
460 nm 32 ± 3.3 0.26 ± 0.02 1123 ± 225 0.31 ± 0.02 0.30 0.027
4 
520 nm 32 ± 4.5 0.29 ± 0.02 1104 ± 72 0.38 ± 0.02 0.30 0.079
2 
580 nm 51 ± 8.3 0.23 ± 0.02 1224 ± 69 0.37 ± 0.01 0.32 0.047
5 





Figure 5.20 TRAS of (A) tryptophan and (B) Peptide M at pH 11 after UV photolysis.  
Spectra were obtained at 3 (black), 15 (blue), 33 (green), 513 (orange), 1033 (purple), 
2033 ps (pink). The spectra were averaged from at least three independent 




Figure 5.21 Decay kinetics obtained from TRAS of amino acid and beta hairpins after 
UV photolysis at pH 11.  Data were acquired from (A) tryptophan and (B) Peptide M.  
Spectra were monitored at selected wavelengths; 345 nm (black circles), 410 nm (red 
squares), 460 nm (green triangles), 520 nm (blue triangles), 580 nm (purple diamonds) 
and 650 nm (cyan diamonds).  Bi-exponential fits (starting from 3 ps) are 
superimposed as solid lines (Table S6), and the open symbols at the bottom of each 
panel are the corresponding residuals.  The data were averaged from at least two 
independent measurements.  The averaged data were normalized with respect to the 
maximum absorbance, which occurred at ∼ 2-3 ps.  Analyte concentration, 1 mM; 
buffer, 5 mM borate-NaOH. 
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5.4.7 TRAS, Peptides M, W and WA14 
Figure 5.15C shows TRAS data, obtained following 280 nm excitation of a Peptide 
M sample, which contains a YW dyad.  Bands at 360, 450, and 580 nm are observed at 3 
ps, and, overall, the peak positions are similar to those observed in aqueous tryptophan 
(Figure 5.15A) and the mixture of tryptophan and tyrosine (Figure 5.15B).  In spectra 
acquired from Peptide M at pH 9, the 420 nm peak, characteristic of a photoproduct, does 
not appear.  Kinetic data were derived from the Peptide M TRAS spectra after UV 
photolysis at pH 9 (Figure 5.16C).  The TRAS data at 360, 410, 460, 520, 560, and 650 nm 
are shown on a semi-log plot in Figure 5.17 and were fit with a biexponential function 
(Table 5.5).  When compared to tryptophan, the 360 nm-derived decay of W* is accelerated 
in Peptide M with time constants of 15 ps (14%) and 1000 ps (30%) (Figure 5.16C, Table 
5.5).  There are also changes when the kinetic fits are compared at other wavelengths 
(Figure 5.17).  For example, at 520 nm, while Peptide M exhibited time constants of 33 + 
8 ps, 14%; 1500 + 500 ps, 35%), the tryptophan sample yielded time constants of 4 + 3 ps, 
4%; 1000 + 30, 38%.   Notably, these changes on the picosecond timescale are not 
associated with a significant increase in fluorescence quenching in the peptide, as discussed 
above.  TRAS and spectra were also obtained from Peptide M at pH 11 (Figures 5.20 and 
5.21).  At pH 11, the Peptide M sample exhibits mainly the 580-nm band at the 3-ps time 
point (Figure 5.20B).   The decay kinetics in the peptide are accelerated relative to 
tryptophan in solution at this pH (Figure 5.21). 
TRAS data were then obtained from Peptide W (Figure 5.15E).  From the NMR 
structure, Peptide W is predicted to exhibit a tryptophan-histidine pi-pi interaction.  The 
spectra obtained on the picosecond time scale show changes in relative amplitudes of the 
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450- and 600-nm bands, when compared to spectra derived from Peptide M (Figure 5.15C).  
The decay is accelerated relative to tryptophan when analyzed at 360, 460, and 520 nm 
(Figures 5.17 and 5.16E).  Peptide WA14 (Figures 5.15F and 5.16F) behaves similarly 
when compared to Peptide W (Figures 5.15E and 5.16E).  Both spectra and kinetics are 
similar to Peptide W.  For example, fits to the 520-nm decay show that this peptide (Table 
5.5) yields time constants of 1 ps (11%) and 780 ps (46%). 
5.4.8 TRAS, Peptide MW 
Peptide MW, which contains a YW dyad formed from opposite sides of the beta 
strand, was examined using TRAS.   In spectra derived on the picosecond time scale, 
Peptide MW (Figure 5.15D) exhibits a red shift of the ~580-nm band, when compared to 
Peptide M (Figure 5.15C).  Also, complex dynamics are observed in an evolution of the 
W* spectrum on the picosecond time scale (Figure 5.22).  This spectral complexity is 
attributable to the conformational flexibility predicted by NMR spectroscopy and 
molecular dynamic simulations. The decay kinetics were monitored at various 
wavelengths, including 520 and 360 nm (Figure 5.16D).   In Peptide MW, the W* decay 
kinetics are similar to the kinetics observed in Peptides M, Peptide W, Peptide WA14, and 
are again faster than the decay kinetics observed in amino acid solutions (Table 5.5).  
Although the overall amount of decay at 2 ns does not change significantly, fits to the 
Peptide MW data show that only a small contribution from a fast phase (53 ps, 3%) is 
necessary to account for the data.  Instead, the decay is dominated by a 1200-ps component, 
which is 59% of the amplitude.  Changes in the time constants derived from biexponential 




Figure 5.22 Overlay of TRAS derived from tryptophan (black dotted-line), Peptide 
M (blue dashed-line), and Peptide MW (green solid-line) and obtained at 3 (A), 15 
(B), 33 (C), 513 (D), 1033 (E), 2033 ps (F). Analyte concentration, 1 mM; buffer, 5 mM 
borate-NaOH (pH 9).  Spectra are reproduced from Figure 5.15. 
5.4.9 Summary of TRAS and pH Dependence of TRAS Data Derived from Tryptophan 
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When compared to tryptophan, TRAS obtained from tyrosine at pH 9 exhibit no 
significant intensity at 340-360 nm and reduced signal intensity in the rest of the visible 
region (Figure 5.18).   Kinetic data obtained from tyrosine are shown in Figure 5.19B and 
are compared to data acquired from tryptophan (Figure 5.19A). There is no significant 
contribution to the decay kinetics when wavelengths in the 345-360 nm region are probed 
in tyrosine.  As expected if the tyrosine contribution is less intense compared to tryptophan, 
fits to the tryptophan-tyrosine mixture data (Table 5.5) are similar to fits derived from 
tryptophan alone.  TRAS were also acquired from tryptophan solutions at pH 11 (Figure 
5.20).  At this pH, the amino group is not protonated, and the photoproduct is not formed.  
This is confirmed by the spectra presented in Figure 5.20A.  Note that the observation of 
the 580 nm band at pH 11 provides support for assignment of this band to tryptophan S1 
excited state.  Also, the 450 nm band is diminished in amplitude relative to the 580 nm 
band at pH 11 (Table 5.6 and Figure 5.19A).  Figure 5.21 compares kinetic data derived 
from tryptophan and Peptide M at pH 11.  The decay of spectral components in Peptide M 
is accelerated at all monitored wavelengths, when compared to tryptophan at this pH. 
5.4.10 EPR Spectroscopy 
To investigate any impact of the YW dyad on ET or PCET, EPR spectroscopy and 
UV photolysis were used to generate tryptophan and tyrosyl radicals in frozen aqueous 
samples at 160 K according to prior methods.53  UV-Vis absorption spectra were recorded 
before and after UV photolysis (Figure 5.23) and showed no significant changes to the 
spectrum, either in a mixture of tyrosine and tryptophan (Figure 5.23A) or in the peptides 
(see Peptide M example, Figure 5.23B).  Figure 5.24A shows the result of an EPR spectrum 
recorded after 266 nm UV photolysis (10 flashes) of tyrosine at pH 9.   The spectrum is 
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characteristic of a neutral tyrosyl radical.  The tyrosyl radical EPR spectrum is dominated 
by coupling to the beta-methylene protons and the 3,5-ring protons, with a g value of 
~2.004.54  Figure 5.24E shows the results of photolysis of tryptophan at pH 9.  The 
photochemistry of tryptophan is more complex than that of tyrosine, because the radical 
form of the indole side chain has a pKa value of 4.3.55  This complexity is evident when 
spectra at pH 4.3, 9, and 11 are compared (Figure 5.25).  At pH 9 (Figure 5.25B), the 
spectrum corresponds to the neutral radical, W•.  The EPR spectrum at pH 9 (Figure 5.25B) 
has a g value of 2.003, partially resolved hyperfine splittings, and an overall linewidth of 
>20 G.  This spectrum is similar to those reported in the literature, and, at lower microwave 
power, exhibits the additional hyperfine splittings, which have been assigned to the beta 
protons and the indole nitrogen.56-58  At pH 4.3 (Figure 5.25A), the UV photolysis-induced 
spectrum is expected to reflect an approximately equal contribution from WH•+ and W•.   
At pH 4.3, the EPR signal (Figure 5.25A) has an overall 60 G linewidth, a g value of 2.006, 
and exhibits a new 1:1:1 splitting, which may represent a coupling to the indole nitrogen.  
The observed g value shift, when pH 4.3 and 9 are compared, is expected based on previous 
studies of tryptophan radicals.59-60  An additional experiment was performed to investigate 
the origin of the spectrum obtained at pH 9 in tryptophan (Figure 5.25D).  As observed, 
UV photolysis at 160 K followed by warming to 200 K results in a g shift and the loss of a 
narrow g = 2.002 signal.  At pH 11, the EPR spectrum is similar to the pH 9 spectrum, 




Figure 5.23 UV-Vis absorption spectra recorded before (solid) and after (dashed) UV 
photolysis at 160 K (EPR experiment).  In (A), spectra were acquired from an 
equimolar mixture of tryptophan and tyrosine and in (B), spectra were acquired from 
Peptide M.  Note the scale change on the y axis and see Figure 5.13 for the magnitude 
of the hypochromic effect in Peptide M.  The buffer contained 5 mM borate, pH 9, 




Figure 5.24 In (I), EPR spectra derived from amino acid and beta hairpins after UV 
photolysis at 160 K and pH 9.  Samples: (A) tyrosine, (B) a 1:1 molar mixture of 
tryptophan and tyrosine (orange), (C) Peptide M (purple), (D) Peptide MW (black), 
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(E) tryptophan (green), (F) Peptide W (teal), and (G) Peptide WA14 (yellow). The 
concentration was 250 µM, as determined gravimetrically.  Tick marks denote 500 
intensity units.  The asterisk marks a spectral artifact from the quartz EPR tube.  The 
inset shows an overlay of the spectra of Peptide M (C) and the 1:1 mixture (B); the 
inset spectra have been arbitrarily scaled to facilitate comparison.  The arrows in I 
emphasize a difference in overall hyperfine coupling between neutral tyrosyl and 
tryptophan radicals.  In (II), EPR amplitude at 3336 G (minus the zero offset at 3315 
G) as a function of measured 266 nm absorbance, after a 1 to 10 dilution, at pH 9.   
Samples:  a 1:1 molar mixture of tryptophan and tyrosine (orange), tryptophan 
(green), Peptide W (teal), and Peptide WA14 (yellow).  Error bars represent the 
standard deviation of 3 replicate measurements. 
 
Figure 5.25 The pH dependence of EPR spectra derived from UV photolysis of 
tryptophan at 160 K.   In (A), the sample was pH 4.3, 5 mM acetate with spectra 
representing a mixture of the protonated WH•+ and neutral W• radicals, in (B), the 
sample was pH 9.0, 5 mM borate with spectra representing the neutral W• radical, 
and in (C), the sample was pH 11.0, 5 mM borate with spectra representing the 
neutral W• radical and a superimposed, narrow radical.  In (D), UV photolysis of 
tryptophan was performed at 160 K and pH 9. The sample was then warmed to 200 
K, and additional spectra were acquired.  Most of the signal amplitude is retained, 
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but a narrow signal at g=2 loses intensity with warming.  The concentration was 250 
µM.  Tick marks denote 500 intensity units.  The asterisk marks a spectral artifact 
from the quartz EPR tube. 
As expected, the EPR spectra of Peptide W (Figure 5.24F) and WA14 (Figure 
5.24G) at pH 9 are similar to spectra acquired from tryptophan at the same pH (Figure 
5.24E).  EPR experiments were conducted on a 1:1 mixture of tyrosine and tryptophan 
(Figures 5.26A and 5.24B).  The EPR spectra of tyrosyl and tryptophan radicals are both 
produced in the mixture and overlap near g = 2 with a narrow signal. (Figures 5.26A and 
5.24B).  In Peptide M (Figures 5.26A and 5.24C), UV photolysis produces a radical 
lineshape that is similar, but not identical, to the mixture spectrum at pH 9 (Figure 5.24, 





Figure 5.26 EPR spectra of peptides and amino acids at 160 K. In (A and B), EPR 
spectra derived after UV photolysis from a 1:1 tyrosine-tryptophan mixture (orange, 
125 µM, A266 = 0.6) and Peptide M (purple, 250 µM, A266 = 0.6) at pH 9 (A) or pH 11 
(B). In (C and D), the difference spectra, mixture-minus-Peptide M, at pH 9 (C) or 
pH 11 (D) are compared to EPR spectra derived from tyrosine (blue) and tryptophan 
(green) at the same pH. In (E and F), EPR amplitude at 3336 G, after subtraction of 
the zero offset at 3315 G, as a function of measured 266 nm absorbance and after a 1 
to 10 dilution, at pH 9 (E) or pH 11 (F). Samples: tyrosine (blue), a 1:1 molar mixture 
of tryptophan and tyrosine (orange), Peptide M (purple), Peptide MW (black), and 
tryptophan (green). Error bars represent the standard deviation of 3 replicate 
measurements. The asterisk marks a spectral artifact from the quartz EPR tube. 
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The amplitudes of the spectra acquired from Peptide M and the amino acid mixture 
at pH 9 are compared in Figure 5.26A.  These spectra were derived from solutions with an 
equivalent 266 nm absorbance of 0.6 AU (125 µM mixture; 250 µM Peptide M).  The yield 
of radical appears to be decreased when Peptide M is compared to the mixture.  At 3336 G 
(minus the baseline offset), the intensity of Peptide M is approximately 45% the intensity 
of the amino acid mixture at pH 9.  To investigate this change in yield, the EPR amplitude 
is plotted versus 266-nm absorption, as measured in each EPR sample after a 1 to 10 
dilution (Figure 5.26E).  These data confirm that the radical yield is decreased in Peptide 
M at pH 9 (purple), when compared to the 1:1 mixture of tyrosine and tryptophan (orange).   
A similar decrease in yield is observed in Peptide MW, compared to the mixture at pH 9 
(Figure 5.26E, black).  Subtraction of the pH 9 spectra (mixture-minus-Peptide M) gives a 
difference spectrum that reflects a significant contribution from the tryptophan neutral 
radical (Figure 5.26C), which has a slightly larger, characteristic splitting compared to 
tyrosyl radical (see annotation in Figure 5.24).  Subtractions using the pH 9 Peptide MW 
spectra gave a similar lineshape.  Note that in Peptide W (Figure 5.24II, teal) and Peptide 
WA14 (yellow), which lack the tyrosine, the radical yield is similar to the yield obtained 
in tryptophan alone (green).  Importantly, at pH 11, the Peptide M protective effect on 
radical yield is not observed.  At 3336 G, the intensity in the mixture is similar (76%) to 
the intensity in Peptide M (Figures 5.26B and F).  Moreover, at pH 11, the difference 
spectrum, generated from the mixture and the peptide, resembles mainly a narrow radical 
(Figure 5.26D).  The results are consistent with the conclusion that Peptide M lowers the 




This work defines the spectroscopic and functional impact of inter-aromatic 
interactions in a pair of YW dyads.  The structural effects of aromatic-aromatic interactions 
in beta hairpin model peptides have been investigated previously.61  For example, in 
octamer beta hairpins 62, NMR analysis revealed side chain interactions between the 
tyrosine and tryptophan rings even at non-hydrogen bonding sites and in organic solvents.  
In another study, aromatic edge-to-face-interactions were found to have a stabilizing effect 
on the free energy of beta hairpins.63  In a third example, time-resolved infrared 
spectroscopy was used to probe the effect of tryptophan mutagenesis in Trpzip2 beta 
hairpins.64  These stabilizing effects of aromatic-aromatic interactions occur in globular 
proteins.  For example, in proteins, it has been concluded that 60% of aromatic residues 
are involved in aromatic pairs, the majority of which form networks of three or more 
aromatic side chains.65  Phenyl ring centroids are typically separated by 4.5 to 7 Å, and 
dihedral angles of approximately 90o are preferred.  The contribution of these interactions 
to the free energy was deduced to depend on the environment, but varied from 0.6 to 2 
kcal/mole. 
The YW aromatic-aromatic dyad is a structural motif found in many enzymes, 
particularly oxidoreductases.7-8 There are likely to hold functional significance, as evident 
in examination of two proteins, photosystem II and RNR (Figure 5.1).  In RNR, Y122 in 
the beta subunit acts as a catalytic initiator (reviewed in ref 66).  In the absence of the alpha 
subunit, Y122 forms a stable radical.  The X-ray structure of the singlet state shows that 
the tyrosine is in close proximity to the beta subunit residue, W48.15  Mutation shows that 
W48 plays an important role in RNR, in particular, in the assembly of the tyrosyl radical-
diferric cluster.66-67  In photosystem II, there are two redox-active tyrosines, YZ and YD 
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(Y161 of the D1 subunit and Y160 of the D2 subunit, respectively), with different 
functional roles.20  The YD radical forms a stable neutral tyrosyl radical with a lifetime on 
the hours time scale.68  Mutagenesis of this tyrosine leads to a decrease in the steady state 
rate of oxygen evolution, but the sample is not completely inactivated.  It has been proposed 
that YD may be important in maintaining a high oxidation state of manganese in the active 
site.  On the other hand, YZ is an essential electron transfer intermediate between the 
primary donor and the metal cluster with a microsecond to millisecond radical lifetime.69-
70  The environment of YZ contains one tryptophan, while YD has multiple interactions 
with tryptophan residues at interaction distances of ~10 Å 11-13 (Figure 5.1).  Interestingly, 
these interactions are observed both in cyanobacterial and spinach PSII structures.12-13 
It has been suggested that YW dyads may act as defusers or radical scavengers.  In 
this proposal, the YW dyads catalyze inter-ring electron transfer and conduct excess 
oxidizing equivalents from catalytic sites to the protein surface.7-8   Inter-ring transfer is 
possible, depending on orientation and midpoint potential of the tyrosine and tryptophan.  
Tyrosine has a pH-independent midpoint potential above the phenolic oxygen pKa (~10) 
and has a midpoint potential that varies linearly with pH below this pKa.  Tryptophan can 
function either in ET or PCET in proteins.55  Between pH 4 and 10, the midpoint potential 
of the neutral tryptophan radical is more positive than tyrosine.55  For example, at pH values 
between 6 and 10, the neutral tryptophan radical oxidized tyrosine in dipeptides.55  In 
azurin, it was also concluded that a W radical could be reduced by tyrosine.22   For an intra-
dyad ET or PCET reaction to be protective, the rates of these defusing reactions must be 
less than that of the catalytic reactions. 
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Here, we examine de novo designed, YW dyad-containing peptides in which the Y 
and W rings are in the range of 6-7 Å apart.  A significant YW inter-aromatic interaction 
is evident from our CD experiments on the YW dyad-containing peptides. Tryptophan has 
multiple singlet excited states, termed Ba, Bb, La, and Lb, with absorption maxima of 195, 
218 and 278 nm at pH 7.71 A far UV CD signal is characteristic of excitonic splitting 
between the 1Bb band of tryptophan and the 1La band of tyrosine.72  Previously, such 
excitonic coupling between tryptophans has been modeled in 12-mer model peptides using 
time dependent density functional calculations.18  In addition, a tyrosine-tryptophan 
excitonic signal has been observed previously in the protein, PagP.17  To give rise to the 
CD signal of Peptide M and MW, the 1La and 1Bb states of tyrosine and tryptophan, 
respectively, must couple to give two excited states.  The splitting energy, Δij 17, equals (δij2 
+ 4Vij2)1/2, where Vij is the interaction energy.  The difference in transition energy, δij, is 
calculated from the positive and negative components of the spectrum (σi and σj) and 
corresponds to 228 and 214/212 nm in our spectra of Peptide M and MW.  Vij is calculated 
from the dipole-dipole interaction between the transition dipole moments (µ) and equals: 
 Vij  =  µi•µj/Rij3 - 3(µi•Rij)(µj•Rij)/Rij5 (5.1) 
in which the bold face symbols denote vectors (Figure 5.1F). 
The rotational strength, Ro, which is the amplitude of the signal, depends on the 
triple product. 
 Rij = ± π Vij (σi σj)1/2 [Rij • (µi ´ µj)]/Δij (5.2) 
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In the NMR structures of Peptide M and MW, the tyrosine phenolic group is 
oriented in opposite directions, relative to the indole ring (Figure 5.1F).  One component 
of the tyrosine transition dipole moment is oriented along this CO bond.17  The tryptophan 
transition dipole moment is oriented parallel to the long dimension of the indole ring, 
bisecting the ring system.18  Use of the dihedral angles derived from the lowest energy 
NMR structures (Figure 5.1F) predicts that the value of Vij will be within a factor of 2 when 
Peptide M and MW are compared.  This is in agreement with the observed Cotton signal 
amplitudes. 
The UV absorption band, assignable to 1La/b, is red-shifted in Peptide M and MW.   
The fluorescence emission spectrum of the YW dyad peptides is also shifted.  In proteins, 
tryptophan fluorescence occurs mainly from the singlet La state with a lifetime in the 
nanosecond time regime.73  The fluorescence yield varies dramatically in proteins.48   We 
show here that the YW dyad has the effect of blue shifting the fluorescence emission 
spectrum of W by approximately 5 nm.  Negative charges near the benzene ring or positive 
charges near the pyrrole ring are expected to shift the emission to shorter wavelengths.47   
In the lowest energy NMR structures of Peptide M and MW, the nearest functional group 
to the tryptophan ring is the phenol moiety.  Specifically, Y5 is positioned with pi electron 
density proximal to the benzene portion of the indole ring.  Based on the lowest energy 
NMR structures, the nearest C-C distances from Y5 to W14 (Peptide M) or W13 (Peptide 
MW) are 3.0 and 2.9 Å, respectively.  Therefore, the YW interaction can account for the 
fluorescence emission blue shift.  We also find that fluorescence emission from the tyrosine 
phenol ring is quenched in the YW dyad-containing peptides.  This is attributable to a 
Förster dipole-dipole transfer mechanism between the tryptophan and tyrosine rings.  
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While quenching of tryptophan fluorescence via electron transfer can also sometimes be 
observed in tryptophan-containing proteins 48, 74 and peptides, 21 we show that quenching 
of the tryptophan fluorescence is not significant in Peptide M and MW.  The amount of 
quenching will depend on the electronic coupling and the energy gap, and these factors are 
sensitive to the detailed protein environment. 
We measured the spectra and lifetime of the W* produced in peptide and aqueous 
amino acid samples after UV photolysis on the picosecond time scale.27-28  The spectra are 
dominated by contributions from the S1 excited state of the indole ring, W*.  This W* 
decays by multiple mechanisms, which include photoproduct formation, electron transfer, 
and other mechanisms.  Photoionization is expected and is accompanied by production of 
a solvated electron with absorption at 650 nm, as observed here.  The formation of the W* 
signal is complete in 3 ps, and the solvated electron signal decays on the picosecond time 
scale.  The spectra that we report from tryptophan and tryptophan-tyrosine mixtures are 
similar to previous reports of the indole S1 excited state, with absorption at 345/360 and 
520 nm.49, 52, 75-76  In tryptophan and in the mixture, the formation of a H+indole 
photoproduct is also evident as a 420 nm spectral feature that grows in ~500 ps.  The source 
of the proton has been attributed to the tryptophan amino group.52, 75  This photoproduct is 
not observed in the peptide samples studied here.  The lifetime of the W* state in 
tryptophan, as reported here, is consistent with previous reports of the nanosecond 
fluorescence lifetime of tryptophan.49, 52, 75-76 
The TRAS data acquired on the picosecond time scale show that the excited spectra 
of Peptide M, MW, W, and WA14 are all distinguishable by minor intensity changes at 
450 and 600 nm.  These are most likely attributable to changes in electrostatic interactions 
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in the peptides.   In addition, the spectrum of Peptide MW is red shifted when compared to 
Peptide M or tryptophan and exhibits complex spectral changes on the picosecond time 
scale.  This red shift and the picosecond-time dependent alterations are attributed to the 
unique conformational landscape sampled by this peptide.  We conclude that the structural 
relaxation in Peptide MW influences the S1 excited state surface and reflects the detailed 
arrangement of charged groups near the indole ring.  Note that the excited state spectrum 
of Peptide M is pH dependent, indicating that the deprotonation state of amino acid side 
chains is an important determinant in this process. 
The decay rate of the W* state is similar in all four peptides.  However, the rate 
observed in the peptides is accelerated, when compared to tryptophan solutions or 
tryptophan-tyrosine mixtures.  For example, at 360 nm, there is no appreciable signal decay 
in an aqueous solution of tryptophan; however, significant spectral decay is observed in all 
the peptides on the picosecond time scale.  This is a wavelength at which tyrosine excited 
state decay makes no significant contribution.  Because this acceleration is independent of 
the tryptophan's non-covalent interactions, the effect is attributable to the influence of the 
peptide backbone.  The tryptophan radical can decay by recombination with the solvated 
electron.46, 55  The tryptophan radical is most likely formed with 280 nm photolysis on the 
2 ns timescale, even if not directly detected under the intense W* absorption, because our 
spectra provide evidence for the production of a solvated electron.  Previous studies of 
tyrosyl radical decay in beta hairpins have demonstrated a peptide backbone-induced 
increase in PCET and ET rate, which alters the rate of radical recombination.  In that case, 
this increase in decay rate was attributed to an increase in electronic coupling.27-28  Such 
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an increase in electronic coupling can accelerate the rate of tryptophan radical decay in 
Peptide M and thus accelerate W* decay, as well. 
To test if the YW dyads in the beta hairpins have unique electron and proton transfer 
characteristics, radical yield was measured using EPR spectroscopy after UV photolysis at 
160 K.  UV photolysis can produce reactive oxygen species, which lead to damage of the 
indole ring.  Such oxidative damage may alter the UV spectrum and is expected to be 
evident in spectra obtained from tryptophan solutions after UV laser flashes.  However, in 
our experiments, the spectra acquired from tryptophan-containing peptides or the tyrosine-
tryptophan mixture were not significantly altered by UV photolysis.  The 266-nm flash is 
expected to generate a neutral radical in tyrosine and tryptophan solutions at pH 9.  This 
was confirmed by comparison of radical lineshapes produced at pH 4.3, 9.0, and 11.0 in 
tryptophan. 
At pH 9.0, the radical yield is substantially reduced in Peptide M and MW, when 
compared to a mixture of tyrosine and tryptophan.  The majority of the pH 9 effect appears 
to be on the yield of tryptophan radical, as assessed from the difference spectrum.  
However, significantly, at pH 11, the yield of neutral tryptophan radical, W•, is similar in 
Peptide M, when compared to a 1:1 mixture.   Notably, MD simulations of Peptide M 
indicate that the structure of the peptide at pH 11 is similar to the structure at pH 9.   In 
addition, at pH 9.0, the yield of W• is indistinguishable in Peptides W and WA14, when 
compared to the radical yield in tryptophan. 
In UV flash photolysis, the radical yield equals the number of radicals formed per 
number of photons absorbed.  The number of photons absorbed in dilute solution is linearly 
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proportional to the absorbance at 266 nm, the pathlength, and concentration.  With 
pathlength and incident intensity held constant, a plot of amplitude versus 266 nm 
absorption shows a quenching effect specific to Peptide M and MW.  What is the origin of 
this quenching effect at pH 9?   The effect could be on the formation rate or on the 
recombination rate.  Because the tyrosyl and tryptophan radicals are formed in the excited 
state, alterations in the description of the S1 excited state or in the rates of S1 decay, internal 
conversion, and radical formation could impact the EPR yield.  The TRAS and kinetic 
experiments provide evidence that the S1 excited states decay more slowly in the amino 
acid mixture, compared to the peptides.  This could contribute to a difference in yield; 
however, the effect on the excited state decay rate was observed both at pH 9 and 11, and 
was observed in peptides in which no protective effect was detected (Peptide W and 
WA14).   Therefore, a change in the formation rate due to alterations in the excited state 
seems an unlikely explanation of Peptide M radical quenching in the EPR experiment.  In 
addition, fluorescence experiments confirm that the YW dyad has little effect on tryptophan 
fluorescence quenching.  Note that the midpoint potential of Peptide M is similar to that of 
amino acids.32 
Based on the considerations above, we propose that the protective effect observed 
on radical yield in Peptide M and MW is due to alteration in radical recombination rate at 
pH 9 (Figure 5.27).  Tyrosyl radicals decay by recombination with the solvated electron 
and a proton at pH 9, but with solvated electron alone at pH 11.  Tryptophan neutral radical 
decays by a PCET reaction, involving H+ and e-, at both pH values.  From the EPR 
difference spectra of Peptide M and MW, the majority of the protective effect appears to 
be on tryptophan radical.  At pH 9, the tyrosine side chain is protonated, and the protective 
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effect can be attributed to rapid PCET through a hydrogen-bonding network, which 
contains the tyrosine and hydrogen-bonded water molecules (Figure 5.27).  Consistent with 
a role for this protonated tyrosine side chain, there is no significant effect on yield when 
Peptides W and WA14 are compared to tryptophan.  Also, the YW protective effect is not 
evident at pH 11, where the negative charge on the tyrosinate may disrupt hydrogen-
bonding interactions (Figure 5.27).  This speculative model proposes that the interactions 
of the YW side chains with nearby water molecules are important kinetically and lower a 
barrier for PCET.  A similar model has been proposed to explain PCET reactions in a DNA 
photolyase 77 and in donor-acceptor supramolecules assembled through a hydrogen bonded 




Figure 5.27 Schematic illustrating UV photolysis, radical generation, a pH-induced 
change in a hydrogen bonding network containing Y and W, and a speculative 
protective mechanism in the YW dyad-containing peptides. 
Previous studies of azurin have provided evidence that the presence of tyrosine in 
the protein can quench a stable tryptophan radical. This was attributed to intramolecular 
ET from tyrosine to the tryptophan radical.22  A similar process has been proposed to 
rationalize the UV spectrum of Peptide M by another group.32  In DNA photolyase from 
Anacystis nidulans, a microsecond ET pathway was proposed to involve a tyrosine to 
tryptophan radical transfer step, but only in ~40% of the sample.60  However, tyrosine to 
tryptophan radical ET is not a consistent explanation of our EPR results, because oxidation 
of tyrosine at the expense of tryptophan radical would still generate an overlapping g = 2 
radical and would not decrease the overall intensity of the EPR spectrum in Peptide M and 
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MW at pH 9.  Instead, we favor the explanation that the barrier for radical recombination 
with the solvated electron is decreased. 
Distances of 6-7 Å, as found here in Peptide M and MW, have been described in 
extensive aromatic wires in cytochrome c oxidase and human superoxide dismutase.  In 
PSII and RNR, the Y-W distance is ~10 Å (Figures 5.1A-E).  While distances of 10 Å are 
expected to support electron exchange on the microsecond time scale ( G = 0, λ  = 1 eV, 
T = 295 K), distances of 7.5 Å have been proposed to support much faster ET rates.7-8  In 
cyanobacterial and spinach PSII (Figures 5.1B and D), YZ interacts at a distance of ~10 Å 
with a single tryptophan and decays on the microsecond-millisecond time scale.  YD 
(Figures 5.1C and E) has multiple tryptophan interactions predicted at 10 Å and decays on 
the hours time scale.  Y122 radical in the isolated E. coli RNR beta subunit is stable for 
days; in the singlet structure, Y122 is ~10 Å from a surface exposed tryptophan (Figure 
5.1A).  The reason for these distinctions in stability is not known, but has been proposed 
to be due to access of water to the radical site.33  This comparison underlines the importance 
of modeling YW interactions at distinct OH-N distances and orientations. 
5.6 Conclusions 
The distribution and prevalence of YW dyads in enzymes suggest that solvent 
exposed dyads and aromatic clusters play important roles in structure and function.  Here, 
we show that the energetics of a YW aromatic interaction is sufficient to destabilize the 
backbone fold and to introduce spectrally detectable, conformational dynamics on the 
picosecond time scale.  The peptide backbone is observed to accelerate the rate of W* 
decay.  We also provide evidence that peptides, containing these YW dyads, exhibit a 
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decreased yield of free radicals after UV photolysis at pH 9.  These results support a 
protective role for YW dyads (6-7 Å distances) as ROS scavengers and free radical 
quenchers. 
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Intrinsically disordered proteins function as components of signaling networks and 
of the innate immune system.  As an example, histatin-5 (Hst5) is an antimicrobial, salivary 
protein involved in the host defense system. Hst5 has been proposed to bind functionally 
relevant zinc and copper but presents challenges in structural studies due to its disordered 
conformation in aqueous solution.  Here, we use circular dichroism (CD) and UV 
resonance Raman (UVRR) spectroscopy to define the interactions of copper and zinc with 
Hst5 in aqueous solution.  When zinc is added to Hst5, the CD spectrum is altered and 
becomes resistant to thermal melting. This result is consistent with a zinc-induced increase 
in the concentration of stable conformers.  The addition of zinc to Hst5 causes shifts of 
histidine Raman bands.  Based on comparison to model compounds and to a family of 
designed, zinc-binding beta hairpins, the alterations in the Hst5 UVRR spectrum are 
attributed to zinc coordination by imidazole side chains.  Zinc addition to Hst5 shifted a 
tyrosine aromatic ring UVRR band, consistent with an alteration in tyrosine pKa due to an 
electrostatic interaction between tyrosine and bound zinc.  The tyrosine and histidine band 
shifts are not observed with copper.  The data suggest that the copper and zinc binding sites 
in Hst5 are distinct.  To define the metal binding site in more detail, a sequence variant, 
H18A/H19A, was employed; this mutant, which still contains five histidine residues, has 
less potent antifungal activity, when compared to Hst5.  The CD signal of this mutant was 
altered compared to wildtype, and zinc addition had a less pronounced effect on the thermal 
stability of the mutant.  Interestingly, in this mutant, both zinc and copper addition shifted 
histidine UVRR bands in a manner diagnostic for metal coordination.  However, results 
obtained with a K13E/R22G mutant were similar to those obtained with wildtype.  These 
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experiments support the conclusion that H18 and H19 contribute to a zinc binding site in 
Hst5 and that coordination of zinc at this binding favors stable conformers.  In the 
H18A/H19A mutant, low affinity zinc binding still occurs but the specificity of the 
copper/zinc binding sites is lost. The experiments implicate specific zinc binding to be 
important to the antimicrobial activity of Hst5. 
6.2 Introduction 
Intrinsically-disordered proteins (IDPs) play key roles in human health and disease 
(1 and reviewed in 2-3).  IDPs are inherently difficult to study, because their dynamic 
conformational landscapes interconvert between different structures on a variety of 
timescales.4-6  Histatins are a class of histidine-rich salivary peptides, which are important 
in the innate immune system and play an antimicrobial role (reviewed in 7).  These peptides 
are antimicrobial against various bacteria and fungi such as multi-drug-resistant 
Staphlococcus aureus (MRSA)8, Candida albicans9-10, Cryptococcus neoformans11, and 
can regulate Porphyroromonas gingivalis, which is associated with periodontal disease12.  
Amongst the histatin family, the two primary sequences are histatin-1 and histatin-3 which 
are genetically encoded by his1 and his2, respectively.13  Histatin-5 is proposed to be a 24-
amino acid proteolytic product of histatin-3.13  Histatin-2 is likely derived from histatin-1, 
while histatin-4 through histatin-12 are likely fragments of histatin-3.14  Histatin-1 has been 
shown to undergo post-translational modifications.  Ser2 phosphorylation has been 
identified for histatin-115, and polysulfation of the terminal four tyrosines (Tyr27, 30, 34, 
and 36) of histatin-1 has been detected16. 
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Within this family of peptides, histatin-5 (Hst5) has been proposed to bind 
functionally relevant Cu2+ and Zn2+.  Copper zinc binding sites are found in enzymes, such 
as superoxide dismutase (Figure 6.1A) and can consist of histidine side chains. (reviewed 
in 17)  Cu2+ binding by Hst5 has been proposed to occur to the amino terminus.18  Copper 
has been proposed to provide oxidative activity and may be responsible for the 
antimicrobial properties of Hst5.19  Nickel has been shown to bind to histatin-5, and may 
implicate histatin-5 in nickel allergies.20  Zinc interactions have also been proposed to 
enhance antimicrobial activity.21 
 
Figure 6.1 In (A), Copper/zinc coordination site in superoxide dismutase (SOD) (PDB, 
2SOD).22  Cu2+ (light brown sphere) is ligated by His44, His46, His61 and His118, 
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while Zn2+ (magenta sphere) is ligated by His61, His69, His78 and Asp81. His61 (blue 
residue) bridges Cu2+ and Zn2+ ions.  In (B), speculative PEP-FOLD models of Hst5.  
Side chain labeling: left, all seven histidine and both tyrosine side chains are labeled; 
top, K13, R22, and both tyrosine residues; bottom right, H18, H19, and both tyrosines 
are labeled.  The mutants, Hst5 K13E/R22G (top) and Hst5 H18A/H19A (bottom) are 
investigated here.  A speculative binding site for Zn2+ ion is shown in pink. 
In aqueous solution, the conformation of Hst5 is disordered.  However in 
trifluoroethanol23 or d6-DMSO24, Hst5 adopts a helical conformation.  The functional and 
structural role of metal binding in salivary peptides needs clarification. In this work, 
circular dichroism (CD) and UV resonance Raman (UVRR) spectroscopic measurements 
are used to obtain new information concerning the structure and function of Hst5 and its 
interactions with zinc and copper.  Two mutants of Hst5 are also studied, K13E/R22G and 
H18A/H19A.  Compared to the wild type sequence of Hst5 (ED50 = 6-8 μM), Hst5 
K13E/R22G has approximately 7-fold less potency (ED50 = 50 μM) as a candidacidal 
agent10. In the second mutant, Hst5 H18A/H19A, this sequence has approximately 20-fold 
less potency (ED50 = 150 μM) against Candida.9 
The Hst5 spectroscopic results presented here are interpreted by comparison to 
amino acid model compounds in solution and to a family of conformationally dynamic beta 
hairpin models.25-28  The beta hairpins contain two antiparallel beta strands connected by a 
turn motif.  These peptides spontaneously fold in solution25-26 and, in this work, have been 
engineered to contain a low affinity zinc binding site.  Zinc interactions in proteins and 
peptides are particularly challenging to study because zinc is non-chromogenic and non-
paramagnetic. Our experiments provide new information concerning metal interactions and 
structure and function in conformationally flexible proteins such as Hst5.  This work shows 
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that a combination of spectroscopic techniques can identify low affinity metal-binding in 
intrinsically disordered peptides. 
6.3 Materials and Methods 
6.3.1 Materials 
The 18-mer peptides, Peptides P, J, and J/F were synthesized by solid-state 
synthesis and were obtained from Genscript, USA, Inc (Piscataway, NJ) or New England 
Peptide (Gardner, MA). The sequences are:  Peptide A, IMDRYRVRNGDRIHIRLR; 
Peptide P, IHDHYRVRNGDRIHHRHR; Peptide J, IDDHYRVRNGDRIHHRHR; 
Peptide J/F, IDDHFRVRNGDRIHHRHR. Histatin-5 (Hst5) and the two double mutants, 
K13E/R22G and H18A/H19A, were synthesized by solid-state synthesis and were obtained 
from Genscript, USA, Inc (Piscataway, NJ).  The sequences are Hst5, 
DSHAKRHHGYKRKFHEKHHSHRGY; Hst5 K13E/R22G, 
DSHAKRHHGYKREFHEKHHSHGGY; Hst5 H18A/H19A, 
DSHAKRHHGYKRKFHEKAASHRGY. Mass spectrometry was used to verify the 
molecular weights of the peptides.  The molecular weights matched the theoretical 
prediction from the sequence. 
Peptide samples were suspended either in a H2O or D2O buffer containing 5 mM 
2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid  (HEPES), pH/pD 7.5,  to give 1 
mM solutions. Acetic acid (VWR, Radnor, PA)/sodium acetate (Thermo Fisher Scientific, 
Inc., Waltham, MA) and sodium borate (Mallinckrodt, Paris, KY)/NaOD were used to 
make buffers at pD 5 and pD 11, respectively.  The pH/pD was adjusted using NaOH or 
NaOD.  HEPES, histidine, and tyrosine were purchased from Sigma-Aldrich (St. Louis, 
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MO), and D2O and NaOD were purchased from Cambridge Isotopes (Tewksbury, MA, 
99.9% D). The pD is reported as the uncorrected meter reading, because the small solvent 
isotope shift effects on weak acid pKa values are compensated by the D2O-induced change 
in response of the glass pH electrode29.  In some experiments, ZnCl2 (Alfa Aesar, 
Tewksbury, MA), CuCl2 (Alfa Aesar, Tewksbury, MA), MnCl2 (ICN Biomedicals, Aurora, 
OH), CaCl2 (EMD Millipore, Billerica, MA) were used in buffered solutions. 
6.3.2 UV-Vis Absorbance Spectroscopy 
UV-Vis absorption spectra were recorded on a Shimadzu UV 1700 spectrometer. 
The slit width was 1 nm, the resolution was 1 nm, and the scan speed was 6.5 nm/s.  The 
peptide concentration was 500 µM.  The zinc concentration ranged from 500 µM (1:1 
Peptide to Zn ratio) to 4 mM (1:8 Peptide to Zn ratio). The buffer contained 5 mM HEPES, 
pH 7.5 or pD 7.5.  The spectra were averaged from two independent measurements. 
6.3.3 Circular Dichroism (CD) Spectroscopy 
A Jasco J-810 CD spectropolarimeter equipped with a Peltier-type cell was 
employed. Spectra were collected from 250 nm to 193 nm in 1 mm quartz cells. Eight 
accumulations per scan were averaged in three to nine independent measurements for each 
of the conditions. Parameters used were: sensitivity, 100 mdeg; data pitch, 2 nm; scan 
speed, 50 nm/min; response time, 1 s; bandwidth, 1 nm. 
6.3.4 UV-Resonance Raman (UVRR) Spectroscopy 
The spectra were obtained at room temperature using a 244 nm (3.4 to 3.7 mW) probe 
beam.27, 30  The probe beam was generated from an intracavity frequency-doubled Argon 
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ion laser (Cambridge LEXEL 95, Fremont, CA) and was coupled to a Raman microscope 
system (Renishaw inVia, Hoffman Estates, IL) equipped with UV-coated, deep depletion 
charge-coupled device.  The spectral resolution was 6 cm-1 and the separation between the 
data points was 3.8 cm-1.  The peak positions are reported to a precision of ±2 cm-1.  Peptide 
samples (1 mL) were recirculated using a peristaltic pump through a nozzle (~120 µm inner 
diameter) to prevent sample damage due to UV irradiation. The flow rate was 4.5 ml/min, 
and the pump was plumbed with silicone tubing.  The spectra were averaged from at least 
two independent measurements. 
6.4 Results 
6.4.1 UV-Vis and CD Spectroscopy 
Hst5 was synthesized by solid state synthesis (Figure 6.2A).  Though Hst5 is 
intrinsically disordered, PEP-FOLD31 models of the wild type sequence were generated 
and are shown as speculative examples in Figure 6.1B. Three different models are shown 
and display amino acid side chains of relevance to this study, namely Tyr10, Tyr24, His3, 




Figure 6.2 Sequences of Hst5 (A), Peptide J (B), Peptide P (C), and Peptide J/F (D). 
In (A), red denotes K13E/R22G mutation sites and blue denotes H18A/H19A 
mutation sites. In (B-D), blue denotes metal-binding residues and red denotes possible 
non-covalent interactions with Tyr5. 
 Hst5 contains an amino terminal copper and nickel binding motif as well as a 
proposed binding site for zinc (HEXXH).7  The peptide contains two tyrosines and seven 
histidines, and shows absorbance in the UV region of the spectrum (Figure 6.3A, solid 
line). The addition of Zn2+ (Figure 6.3B), Cu2+ (Figure 6.3C) or a mixture of Zn2+ and Cu2+ 




Figure 6.3 UV absorption spectra of Hst5 and mutants. In (A), Hst5 (solid line), Hst5 
K13E/R22G (dashed line), and Hst5 H18A/H19A (dotted line) in the absence of added 
metals (black). In (B), Hst5 (solid line), Hst5 K13E/R22G (dashed line), and Hst5 
H18A/H19A (dotted line) in the presence of equimolar Zn2+ (green).  In (C), Hst5 
(solid line), Hst5 K13E/R22G (dashed line), and Hst5 H18A/H19A (dotted line) in the 
presence of equimolar Cu2+(blue).  In (D), Hst5 (solid line), Hst5 K13E/R22G (dashed 
line), and Hst5 H18A/H19A (dotted line) in the presence of equimolar Zn2+ and Cu2+. 
The peptide concentration was 50 µM, and the buffer contained 5 mM HEPES pH 7.5 
and 50 µM ZnCl2 and/or CuCl2 where noted and the metal- or non-metal-containing 
buffers were used in a reference cell during spectrum acquisition. Spectra are an 




The peptide was characterized by CD experiments and thermal melting. In Figure 6.4A 
(solid line), the pre-melt spectrum at 20 oC (solid line) of Hst5 shows two features: a band 
of negative ellipticity at 198 nm and a broad positive feature at approximately 220 nm.  
With heating to 80 °C, these features are lost (Figure 6.4A, dot-dashed line), but regained 
after cooling (Figure 6.4A, dashed line).  The addition of zinc in a 1:1 ratio is associated 
with as less significant change with heating and cooling (Figure 6.4B).  Such an effect can 
be associated with zinc driven stabilization of peptide conformation. These results are 
similar to previous CD experiments reported32 such that the binding of zinc decreases the 
magnitude of ellipticity of Hst5 at approximately 198 nm; however, the results presented 
here do not reproduce the increase in magnitude of ellipticity of the band centered at 




Figure 6.4 CD spectra of peptides in the absence (left) or presence of (right) Zn2+. 
Samples are Hst5 (A, teal), Hst5 + Zn2+ (B, grey), Hst5 K13E/R22G (C, peach), Hst5 
K13ER22G + Zn2+ (D, black), Hst5 H18A/H19A (E, light green), Hst5 H18A/H19A + 
Zn2+ (F, brown), Peptide J (G, green), Peptide J + Zn2+ (H, purple), Peptide P (I, blue), 
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and Peptide P + Zn2+ (J, orange). Spectra were acquired at 20 °C (solid trace), then 
the samples were melted in the Peltier cell at 80 °C (dot-dashed trace), and 
subsequently cooled back to 20 °C (dashed trace). Tick marks denote 4 mdeg. Spectra 
were averaged from three to nine replicates.   The peptide concentration was 100 µM, 
and equimolar ZnCl2 was added where noted.  The buffer contained 5 mM HEPES 
pH 7.5. 
 To interpret these results, a metal binding site was engineered into a family of beta 
hairpin peptides.  The original peptide, Peptide A, is known to be a beta hairpin from NMR 
spectroscopy.25 This peptide contains a tyrosine-histidine pair, which conducts a proton 
coupled electron transfer reaction when tyrosine is oxidized in the mid pH range.25-26  As 
discussed above (Figure 6.1A), zinc binding sites in proteins can be composed of histidine 
and carboxylate groups.33  Therefore, three types of zinc binding sites were engineered into 
Peptide A.  The first, giving Peptide P, contains a four histidine motif (H2, H4, H15, and 
H17) (Figure 6.2C).  The UV spectrum of Peptide P is shown in Figure 6.5C (pH 7.5) and 
S1D (pD 7.5) and represents the contributions of five histidines and Y5. Difference spectra 
of Peptide P with varying ratios of peptide to metal were generated (Figure 6.6A and 6.6C) 
and exhibit a red-shifted UV absorption as Zn2+ concentration increases (Figure 6.6B and 
6.6D).  The CD spectrum of Peptide P in the absence of zinc exhibits negative ellipticity at 
198 nm (Figure 6.4I, solid).  This band is lost with heating and regained by cooling (Figure 
6.4I, dot-dashed and dashed).  In the presence of zinc (1:1 stoichiometry), the CD spectrum 
of Peptide P is reduced in amplitude and exhibits only a modest change with an increase in 
temperature (Figure 6.4J).  This is consistent with stabilization of peptide structure by the 
divalent metal ion.  Overall, the CD results obtained with Peptide P are similar to the 




Figure 6.5 UV absorption spectra of Peptide J (A and B) and Peptide P (C and D) 
with increasing concentrations of Zn2+ (500 µM, dark purple and dark brown; 1mM, 
purple and brown; 2 mM, light purple and orange, 3 mM, pink and light orange; 4 
mM, light pink and yellow) at pH 7.5 (A and C) and pD 7.5 (B and D). The analyte 
concentration was 500 µM. The buffer contained 5 mM HEPES. The spectra were 




Figure 6.6 UV absorption spectra of Peptide P (A and C) (green) and difference 
absorption spectra obtained by subtracting Peptide P spectrum from that of Peptide 
P and Zn2+ solution with variation in the Peptide:Zn2+ stoichiometry ratios, 1:1 (dark 
brown), 1:2 (brown), 1:4 (orange) and 1:6 (light orange), 1:8 (yellow). The difference 
spectra (baseline corrected) are expanded in panels B and D.  The measurements were 
performed at pH 7.5 (A and B) and pD 7.5 (C and D). The peptide concentration was 
500 µM. The buffer contained 5 mM HEPES. The spectra were averaged from two 
independent measurements. 
 Two additional metal binding peptides were characterized with UV absorbance and 
CD spectroscopy.  In Peptide J, the putative metal binding site contains three histidines 
(H4, H15, H17), with the fourth position occupied by an aspartate (D2) (Figure 6.2B).  In 
Peptide J/F, a three-histidine-aspartate binding site is retained (Figure 6.2D), but the 
tyrosine at position 5 is replaced with phenylalanine, which cannot coordinate metals. UV 
absorbance spectra of Peptide J are presented in Figure 6.5A and 6.5B and difference 
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spectra with varying ratios of peptide to metal are shown at pH 7.5 (Figure 6.7A) and pD 
7.5 (Figure 6.7C).  Again, addition of metal causes a red shift of the Peptide J UV spectrum 
(Figure 6.7B and 6.7D), similar to the response observed in Peptide P (Figure 6.6B and 
6.6D). CD data derived from Peptide J/F (data not shown) and Peptide J (Figure 6.4G and 
6.4H solid line) exhibit similar behavior when compared to Hst5 and Peptide P.  Note that 
control CD experiments were performed with Peptide A (Figure 6.8) and there was no 
significant effect of zinc on the stability of this beta hairpin, which does not contain a metal 
binding site.  In addition, Peptide P and J samples were frozen, thawed, and filtered before 
some of the measurements (data not shown).  No change was observed.  The results support 





Figure 6.7 UV absorption and difference spectra of Peptide J (green) at pH 7.5 (A) 
and pD 7.5 (C).  Difference spectra, showing the effects of zinc addition, were obtained 
by subtracting the Peptide J spectrum from that of a Peptide J and Zn2+ mixture (A, 
pH 7.5 and C, pD 7.5).  The ratios were 1: 1 (dark purple), 1:2 (purple), 1:4 (light 
purple), and 1:6 (pink), 1:8 (light pink).  The difference spectra are expanded in 
panels B and D.  The analyte concentration was 500 µM, and the buffer contained 5 





Figure 6.8 CD spectra of Peptide A (A) and Peptide A and Zn2+ (B). Spectra were 
acquired at 20 °C (solid trace), then the samples were melted in the Peltier cell at 80 
°C (dot-dashed trace), and subsequently cooled back to 20 °C (dashed trace). Tick 
marks denote 4 mdeg. Spectra were averaged from three replicates. The peptide 
concentration was 100 µM, and equimolar ZnCl2 was added where noted.  The buffer 
contained 5 mM HEPES pH 7.5. 
 Two mutants of Hst5 were selected for characterization: K13E/R22G and 
H18A/H19A (Figure 6.1B and Figure 6.2A, red and blue).  These mutants have been shown 
to exhibit less potent antimicrobial activity 9-10, when compared to wildtype.  The UV 
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spectrum of the mutants in shown in Figure 6.3.  Note the small change in extinction 
coefficient at 280 nm in the K13E/R22G mutant (Figure 6.3, dashed line), which is most 
likely associated with an electrostatic perturbation to the environment of one or more of 
the tyrosines.  The spectrum of the aromatic ring is known to be sensitive to protonation 
state and exhibits a red shift when the phenol form is converted to phenolate.27, 34   The CD 
spectra of the K13E/R22G mutant (Figure 6.4C, solid line) are similar to wild type Hst5; 
the addition of zinc causes a change in the spectrum consistent with an overall increase in 
stability (Figure 6.4D, solid line).  However, in the H18A/H19A mutant (Figure 6.4E, solid 
line), zinc addition has a less significant effect on the CD spectrum (Figure 6.4F, solid 
line), particularly in the thermal melt (Figure 6.4E and 6.4F, dot-dashed line).  This result 
implies that the overall affinity for Zn2+ binding is reduced in the H18A/H19A mutant.  
Note that the change in the CD signal in the histidine mutant in the absence of zinc is 
consistent with an alteration in the average conformation in solution. 
6.4.2 UVRR Spectroscopy of Hst5 and variants 
As a more detailed probe of zinc peptide interactions, UV resonance Raman 
spectroscopy was employed.  In particular, a 244 nm probe in D2O buffer allows specific 
interactions with histidine and tyrosine side chains to be observed because the bands are 
resonantly enhanced. The UV spectrum of Hst5 (Figure 6.3, solid line) shows significant 
absorption at 244 nm.  A microcell recirculating device is used to prevent UV damage to 
the sample.27, 30  Previous work has shown that the use of D2O enhances the vibrational 
contributions of histidine in the UVRR spectrum 35-36.  Note that the pD is reported here as 
the uncorrected pH meter reading, according to a standard protocol.29  The UVRR spectrum 
of Hst5 in D2O solution is presented in Figure 6.9IA and 6.9IIA and exhibits bands at 1315 
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cm-1, 1334 cm-1, 1371 cm-1, and 1565 cm-1, which are candidates for assignment to the 
histidine side chain.  Bands at 1176 cm-1, 1210 cm-1, and 1612 cm-1 are candidates to be 
assigned to tyrosine. 
 
Figure 6.9 UVRR spectra of Histatin-5 (Hst5) and mutants K13E/R22G and 
H18A/H19A in the presence or absence of Zn2+ and Cu2+. In (I), wild type Hst5 (A), 
Hst5 K13E/R22G (B) and Hst5 H18A/H19A (C) in the absence of added metals. In 
(II), Hst5 in the absence of added metals (A, black), presence of Zn2+ (B, green), Cu2+ 
(C, blue), or Zn2+ and Cu2+ (D, pink). In (III), Hst5 K13E/R22G in the absence of 
added metals (A, black), presence of Zn2+ (B, green), Cu2+ (C, blue), or Zn2+ and Cu2+ 
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(D, pink). In (IV), Hst5 H18A/H19A in the absence of added metals (A, black), 
presence of Zn2+ (B, green), Cu2+ (C, blue), or Zn2+ and Cu2+ (D, pink).  The peptide 
concentration was 1 mM, and the samples contained equimolar ZnCl2 and/or CuCl2 
where noted.  The buffer contained 5 mM HEPES pD 7.5.  The sample was 
recirculated using a peristaltic pump to prevent UV damage.  Laser wavelength, 244 
nm; laser power, 3.7 mW; scan time, 120 s; accumulations, 4. Data were averaged 
from two independent measurements (using two 1 mL samples) and normalized to 
the intensity of the amide II’ band at ~1434 cm-1. Tick marks denote 1000 intensity 
units. 
To support these assignments, model compound data were acquired from histidine 
in D2O solution as a function of pD (Figure 6.10).  At pD 5 (Figure 6.10A), histidine is 
cationic, with a protonated imidazolium cation side chain, a protonated amino terminus, 
and an anionic carboxylate at the carboxyl terminus.  At pD 7.5 (Figure 6.10B), histidine 
is zwitterionic with an unprotonated imidazole side chain.  At pD 11 (Figure 6.10C), 
histidine is anionic, with a deprotonated amino and imidazole group, and negative charge 
remaining on the carboxyl terminus.  In D2O, the spectrum of the protonated imidazolium 
cation (pD 5) exhibits bands at 1408 and 1601 cm-1, while the spectrum of the deprotonated 
imidazole side chain exhibits new bands at 1317, 1370, 1479, and 1564 cm-1.  These data 
are similar to results reported previously 35-36.  The normal mode assignments of the bands 
are: 1166 cm-1 in-plane ring modes mixing with N1-H,37 1323 cm-1 and 1351 cm-1 in-plane 
ring modes,37 1457 cm-1 ring N1-H,37 1484 cm-1 N-H in-plane bend of the protonated 
imidazole side chain,38, 1568 cm-1 C=C stretching mode of the neutral imidazole sidechain 
in one tautomer,38 1577 cm-1 mixture of the in-plane ring mode with the N1-H,37 1585 cm-
1 C=C stretch of the ring in one tautomer of histidine,38 1573-1588 cm-1 C4=C5 stretch when 




Figure 6.10 UV Raman spectra of 5 mM Histidine at (A.) pD 5, (B.) pD 7.5 and (C.) 
pD 11 The buffer contained 5 mM of acetate (pD 5), HEPES (pD 7.5) and Borate (pD 
11). The spectra are normalized with respect to most intense peak for each sample.  
Each tick mark is 0.1 unit. 
Characteristic bands of tyrosine are also observed in the Hst5 spectrum (Figure 6.9IA 
and 6.9IIA) arising from Y10 and Y24.  These bands include 848 (not shown), 1176, 1210, 
and 1612 cm-1.  To support the assignment to tyrosine, UVRR spectra were acquired from 
tyrosine and tyrosinate in H2O and D2O buffers (Figure 6.11).  At pH/pD 8.5 (Figure 6.11A 
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and 6.11B), the compound has a protonated phenolic ring, while at pH/pD 11 the aromatic 
ring is deprotonated (Figure 6.11C and 6.11D).  The contributions from the tyrosine and 
tyrosinate ring are resonantly enhanced at 244 nm.  The highest energy ring stretching 
mode, Y8a, of the deprotonated phenolate is observed at 1602 cm-1 and is insensitive to the 
addition of D2O.  Other characteristic bands are also D2O insensitive and are observed at 
845, 1174, and 1207 cm-1.34, 40  At pH/pD 8.5, when the phenol ring is protonated, Y8a is 
observed at 1614 cm-1 in H2O and downshifts to 1610 cm-1 in D2O.   In summary, model 
compound studies of tyrosine and histidine in solution support assignment of the Hst5 




Figure 6.11 UV Raman spectra of 1 mM tyrosine at (A.) pH 8.5, (B.) pD 8.5, (C.) pH 
11 and (D.) pD 11. The spectra are normalized with respect to the most intense peak. 
Each tick mark is 0.05 unit. The buffer contained 5 mM of TAPS (pL 8.5) or 5 mM 
borate (pL 11). 
The UVRR spectra of the Hst5 mutants, K13E/R22G (Figure 6.9IB and 6.9IIIA) and 
H18A/H19A (Figure 6.9IC and 6.9IVA), were obtained.  The UV spectrum (Figure 6.3) 
reveals that the extinction coefficient at 244 nm is approximately 1000 L mol-1 cm-1 which 
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is consistent with similar resonance enhancement factor in each sample. It has been shown 
that the enhancement factors for imidazole bound to copper are similar to the unbound 
state.37 A band at 1440 cm-1 is observed in each spectrum.  In D2O buffer, this band arises 
from amide II' (C-N stretch) and is expected to be invariant to the mutation.27  Accordingly, 
the intensity of this band was used to normalize the spectra for comparison.  After 
normalization, the spectrum of the K13E/R22G mutant is similar to that of wild type.  In 
particular, the histidine and tyrosine bands have similar intensities and frequencies.  On the 
other hand, the spectrum of the H18A/H19A mutant is distinguishable in the relative 
intensity of amide II' to the 1313, 1371, and 1561 cm-1 bands, which arise from imidazole 
(Table 6.1B).   The H18A/H19A mutant also exhibits a 7 cm-1 shift of the Y8a tyrosine 
band, while a smaller and possibly not significant change is observed in the K13E/R22G 
mutant.  The shift is due to a pKa shift when the imidazole ring is changed to alanine.  This 
change is accompanied by alterations in the 1179 and 1210 cm-1 bands, suggestive of 










Table 6.1 Vibrational bands of aromatic amino acids and comparison to model 
compounds, peptides and proteins 
A. Tyrosine 






Hst5 1176 1210 1612 
Hst5 + Zn 1176 1210 1605 
Hst5 + Cu 1176 1210 1612 
Hst5 + Zn + Cu 1176 1210 1605 
Hst5 
K13E/R22G 












1179 1209 1609 
Hst5 
K13E/R22G + 
Zn + Cu 
1179 1209 1601 
Hst5 
H18A/H19A 












1179 1206 1605 
Hst5 
H18A/H19A + 
Zn + Cu 
1179 1206 1605 
Peptide P 1177 1207 1612 
Peptide P + Zn 1177 1207 1604 
Peptide J 1177 1207 1612 
Peptide J + Zn 1177 1207 1604 
Cu/Zn SOD 
(240 nm, pD 9)41 






Table 6.1 continued 
B. Histidine 












Hst5 1315 1334 1371  1565  
Hst5 + Zn  1334   1565 1583 
Hst5 + Cu 1315 1334 1371  1565  
Hst5 + Zn + Cu  1334   1565 1583 
Hst5 
K13E/R22G 












1315 1333 1371  1561  
Hst5 
K13E/R22G + 
Zn + Cu 
 1333   1561 1583 
Hst5 
H18A/H19A 












 1333   1561  
Hst5 
H18A/H19A + 
Zn + Cu 
 1333   1561 1583 
Peptide P 1317 1336 1370  1564  
Peptide P + Zn  1336  1388 1564 1583 
Peptide J 1317 1336 1370  1564  
Peptide J + Zn  1336  1388 1564 1583 
Cu/Zn SOD 42 1320 (est., 
pD 9, 229 
nm ex.) 
1340 (est., 




















1352 cm-1 = Nτ-Ligated His (Cu(II)- βAlaHis)41 
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6.4.3 Effects of Metal Addition on the UVRR Spectrum 
The effects of copper and zinc on the Hst5 UVRR spectrum were evaluated.  From 
previous studies of superoxide dismutase and 27-mer zinc finger peptide, the expectation 
is that ligating histidine bands will shift in frequency (Figure 6.1A and refs 35, 39, 43-44) with 
metal coordination. Upon addition of Zn2+ (Figure 6.9IIB) to the wildtype Hst5 sample, the 
1315 cm-1 band undergoes an upshift to 1334 cm- , and the 1371 cm-1 band is decreased in 
intensity.  Additionally, the 1565 cm-1 band is reduced in intensity, and a zinc-induced 
shoulder is present at 1583 cm-1.  Upon addition of Cu2+ (Figure 6.9IIC), the spectral 
features are unaltered compared to the control (Figure 6.9IIA), indicating that histidine 
does not provide coordination to copper in the wildtype.  Upon addition of both Zn2+ and 
Cu2+ (Figure 6.9IID), the spectral changes are similar to those observed with zinc alone. 
The results are consistent with coordination of zinc at a binding site that contains histidine.  
Interactions with copper are deduced to occur at a distinct, non-imidazole binding site.  
Shifts of the tyrosine Y8a band, from 1612 to 1605 cm-1 are also observed with zinc 
addition.  These are attributed to electrostatic interactions.  Note that while the UV 
spectrum is not significantly altered by zinc addition (Figure 6.3B), the spectrum is 
sensitive to the addition of copper (Figure 6.3C and 6.3D).   A similar set of zinc and copper 
induced changes are observed in the K13E/R22G mutant, indicating that the metal binding 
sites are relatively unchanged in this mutant.  However, the H18A/H19A mutant shows a 
different pattern of spectral changes.  Addition of zinc shifts imidazole bands, as observed 
in wildtype, but this effect is no longer specific to zinc.  Notably, in the mutant, copper and 
zinc have a similar effect on the spectrum.  These results are attributed to loss of metal 
binding specificity in the H18A/H19A mutant. 
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6.4.4 Modelling the Conformationally Dynamic Site, Metal Addition to Beta Hairpin 
Samples 
The CD and thermal melting of the H18A/H19A variant are altered, when 
compared to wild type and K13E/R22G mutant.  We hypothesized that this result is due to 
a different distribution of conformers in the H18A/H19A mutant, which still provide a 
dynamic, low affinity zinc binding site.  To test this hypothesis, we used UVRR 
spectroscopy to measure the effect of zinc addition on Peptide P, J, and J/F, which exhibit 
similar CD properties when compared to Hst5. 
The UVRR spectrum of Peptide J/F was obtained (Figure 6.12IIIA).  This peptide contains 
no tyrosine, but has the four histidine metal binding motif.  Most of the spectral bands are 
readily assignable by comparison to the histidine model spectrum at pD 7.5 (Figure 6.10).  
In the Peptide J/F UVRR spectrum, imidazole bands are observed at 1321, 1369, and 1567 
cm-1 and are similar to bands observed in histidine solution at pD 7.5.  Zinc was added at 
a one to one stoichiometry to Peptide J/F, and the UVRR spectrum was obtained (Figure 
6.12IIIB).  At a one to one stoichiometry, a band at 1321 cm-1 decreases in intensity, and 
new bands appear at 1048 (not shown), 1200, 1287, 1350 cm-1.  The band at 1567 broadens 
and shifts to 1555 and 1575 cm-1.  UVRR spectra of Peptide P and J (Figure 6.12II and 




Figure 6.12 UVRR spectra of beta hairpin peptides.  Samples: Peptide J (I) in the 
absence (A, green) or presence (B, purple) of equimolar ZnCl2; Peptide P (II) in the 
absence (A, blue) or presence (B, orange) of equimolar ZnCl2; Peptide J/F (III) in the 
absence (A, black) or presence (B, gold) of equimolar ZnCl2.   The peptide 
concentration was 1 mM, and the samples contained equimolar ZnCl2 where noted.  
The buffer contained 5 mM HEPES pD 7.5. Sample was recirculated using a 
peristaltic pump to prevent UV damage.  Laser wavelength, 244 nm; laser power, 3.4 
mW; scan time, 120 s; accumulations, 4.  Data were averaged from at least two 




Peptide P and J also contain a tyrosine side chain, and the UVRR spectra of these peptides 
exhibits bands assignable to Y5.  Interestingly, the bands display zinc induced shifts, 
similar to the results obtained with Hst5.  The tyrosine side chain is protonated at pD 7.5, 
and contributes to the spectrum at 848, 1177, 1207, and 1612 (Figure 6.11).  With zinc 
addition at a one to ratio (Figure 6.12IB and 6.12IIB), a dramatic increase in intensity and 
small decrease in frequency for the ring stretching mode of tyrosine occurs.  The tyrosinate 
band is now observed at 1604 cm-1 in the presence of zinc.  The intensity increase is 
attributed to red shift observed of tyrosine UV band, which increases absorption at 244 nm 
(Figure 6.5).  The frequency downshift is attributed to deprotonation and a change in the 
pKa of tyrosine.  The results are similar to those observed in the histatins.  Experiments 
were conducted to evaluate if the low affinity zinc binding site in the model peptides is 
specific to zinc.  The UVRR spectra reflected no significant change when manganese or 
calcium are added to a Peptide J sample in H2O buffer (Figure 6.13).  Also note that 
modification of the sequence to contain the four histidine or three histidine-aspartate 
binding site is necessary to observe these spectral changes.  The addition of zinc to Peptide 
A, which contains the cross strand Y5-H14 pair, has no significant effect on the spectrum 




Figure 6.13 UVRR spectra of Peptide J and Ca2+ (A, red), Peptide J and Mn2+ (B, light 
orange) and Peptide J (C, green) at pH 7.5.  In (D), Peptide J and Zn2+ pD 7.5 is 
reproduced from Figure 6 in the main text.  In A-C, the peptide concentration was 1 
mM, when present, the calcium and manganese concentrations were 5 mM, and the 
buffer contained 5 mM HEPES in H2O (pH 7.5).  In (D), the peptide concentration 
was 1 mM, and the sample contained equimolar Zn2+. The data were averaged from 




Figure 6.14 UVRR spectra of Peptide A in the presence (A, blue) or absence (B, black) 
of Zn2+ at pH 7.5. The peptide concentration was 1 mM, and the zinc concentration 
was 5 mM. The buffer contained 5 mM HEPES in H2O (pH 7.5). The data were 
averaged from at least two independent measurements. Tick marks denote 200 
intensity units. 
6.5 Discussion 
The histatins play an important role in human health.  The oral cavity presents a site 
for opportunistic infections.  Antimicrobial immune peptides, like Hst5, have been shown 
to differ in concentrations in some immunocompromised individuals.  It has been shown 
that oral fungal infection by Candida albicans is increased in an HIV-positive population 
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that also exhibited lower salivary histatin-5 concentration.45 Additionally, it has been 
observed by proteomic analysis that patients with both primary and secondary Sjögren’s 
syndrome have lower levels of identifiable salivary histatins.46  The Hst5 K13E/R22G and 
Hst5 H18A/H19A mutants significantly decrease candidacidal activity compared to wild 
type.9-10  Binding of nickel, zinc, and copper is proposed to influence the activity of Hst-5.  
While zinc and copper are present in blood at a concentration of approximately 1 ppm,47  
in saliva, zinc is present at approximately 0.1-0.2 ppm 47-48 and copper has been measured 
to be approximately 2-100 ppb.48  Incubation of Zn2+ and Cu1+ have been shown to increase 
the antifungal properties of the peptide.49  Ni2+ is also believed to be coordinated by Hst5, 
though the proposed binding sites for Ni2+ compete with the proposed binding sites for both 
Zn2+ and Cu2+.   Histatin-5 could possibly be relevant for allergies to nickel.20 
 Here, we report CD and UVRR studies of Hst5 and those two sequence variants.  
We find that the addition of zinc to wild type Hst5 stabilizes the peptide against thermal 
denaturation.  Further, frequency shifts are observed in characteristic Raman vands when 
zinc is added to wild type Hst5.  These bands are assigned to the imidazole side chain by 
comparison to spectra of the amino acid in solution and to a family of conformationally 
dynamic beta hairpins.  The H18/H19 mutant exhibits altered behavior with CD and 
thermal melting, when compared to wild type.  This change is consistent with an alteration 
in the distribution of stable conformers in the mutant.  In this H18/H19 mutant and the 
K13E/R22G mutant, UVRR spectroscopy reveals an electrostatic perturbation of tyrosine, 
which is evident as a downshift of the highe-t energy ring stretching mode.  This effect is 
also reproduced in tyrosine-containing, zinc binding beta hairpins.  We also find that the 
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H18A/H19A mutant loses metal specificity and appears to bind copper to a imidazole 
containing binding site.   
 Three models have been proposed for the bioactivity of histatins (reviewed in ref 7)  
In one, histatins interrupt fungal mitochondrial electron transfer.  In a second, histatins 
generate reactive oxygen species, which is toxic and antimicrobial.  In a third, histatins act 
as membrane permeant peptides and disrupt the electrochemical gradient.  Based on our 
results, the change in antifungal activity in H18A/H19A is most likely due to change in 
stability of peptide and a loss of metal specificity.   
 Previous studies have been conducted on Hst5 (reviewed in ref 7) and the two 
mutants Hst5 K13E/R22G and Hst5 H18A/H19A.  The structure of wild type Hst5 has 
been studied by NMR in trifluorethanol/water and DMSO/water mixtures.23, 50 In these 
hydrophobic environments, the peptide adopts a helical conformation, though the peptide 
is considered to be disordered in purely aqueous solvent.  Isothermal titration calorimetry 
has identified at least one binding site for Zn2+ and one for Cu2+.  The measured binding 
constants for the wild type peptide for Zn2+ and Cu2+ are 10-5 and 10-7 M, respectively.51 
NMR experiments on Hst5 in aqueous solvent in the presence of three equivalents of Zn2+ 
revealed a broadening of three histidine peaks along with one glutamate peak.  In the 
presence of three equivalents of Cu2+, the reduction in intensity of an aspartate resonance 
was apparent.18.  Mass spectrometry characterization of Hst5 has revealed information 
regarding the stoichiometry of metal-binding.32 At pH 7.5, a 2:1 ratio results in 73% 
relative abundance of a dicopper-Hst5 complex and 27% monocopper-Hst5.32  For the case 
of 2:1 Zn2+:peptide samples, only 22% of the sample was found to bind Zn2+, and the 
stoichiometry of this complex was 1:1.32  In sample preparations with higher Zn2+:peptide 
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ratios, a greater percentage of the sample was found to bind at least one equivalent of 
Zn2+.32 This previous work also investigated the CD spectra of Hst5 in the presence of 5 
equivalents of Zn2+ and Cu2+ at 25 °C, pH 7.2. In the presence of either Cu2+ or Zn2+, the 
CD spectrums was altered, although the decrease in magnitude of the CD signal, noted here 
with zinc addition, was not observed.32   
 The peptides used here were inspired by the zinc binding sites in carbonic 
anhydrase52 and superoxide dismutase.22 Zinc binding proteins are ubiquitous in biology 
and can be divided into two main classes.53  In structural zinc proteins, such as the zinc 
finger, the divalent ion is coordinated by cysteine and zinc.54 In catalytic zinc proteins, 
such as carbonic anhydrase52 and superoxide dismutase22, zinc coordination involves 
histidine, aspartate, and active site water molecule.  Peptide mimics of zinc binding 
peptides have been described previously, based on zinc finger cysteine/histidine motifs.55-
56 For example, CP-1 has hydrophobic core and have a dissociation constant of 10-7 for 
Co2+ and 10-12 for Zn2+.55 Peptide mimics of carbonic anhydrase, based on ZnN3O 
coordination, have also been constructed.57-58  Recently, it has been shown that 
heptapeptides, can form zinc-containing amyloid fibrils and catalyze the hydrolysis of 
esters, in a manner similar to carbonic anhydrase.59-60 The KM was 1.8 mM.59 A similar 
strategy has beeinx used to introduce a specific zinc binding site into a 16-mer beta 
hairpin61 and a octapeptide62.  Zinc coordination was verified by metal induced changes in 
the CD spectrum and by NMR spectroscopy.61-62   
 Previous studies of Cu/Zn containing superoxide dismutase (SOD) and its relevant 
model compounds have shown that D2O exchange intensifies UVRR bands of histidine 
and makes them more easily detectable at 229 nm and 42-43 240 nm 44  In SOD, the Cu ion 
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is coordinated by four histidine residues, and the Zn ion is coordinated by three histidine 
residues and one aspartic acid residue.  Among the coordinated histidines, His61 has a 
unique imidazolate structure (His-) and bridges between copper and zinc.63-64 The UVRR 
spectrum of SOD reveals characteristic changes with metal binding in bands assignable to 
Cu-His, Zn-His, and the bridging His61.63   
 In the case of SOD wild type, the bridging imidazolate His61 has been assigned to 
the UVRR bands observed at 986 cm-1, 1050 cm-1, 1282 cm-1, 1292 cm-1, and 1564 cm-1. 
42 In the apoenzyme, these frequencies are not observed. 42 Additional histidine-zinc 
vibrational bands at 1360 cm-1 and 1396 cm-1 are perturbed in the apoenzyme as well. 42 
Histidine-metal bands at approximately 1340 cm-1 are downshifted to approximately 1320 
cm-1 in the apo complex. 42 The normal mode assignments have been described previously. 
65 Imidazolium-d0 exhibits a ring expansion and N-H wag 1322 cm-1 and a C(+)N + C-N 
stretch at 1590 cm-1. 65 Imidazole-d0 modes include C2N1 + C5N1 stretch + N-H wag at 
1578. 65 A C-H wag is calculated to occur at 1394 cm-1 for imidazole-d1. 65 Perturbation of 
the frequency or intensity of these histidine ring modes is consistent with metal-binding 
and is observed when wild type and apo SOD are compared. In SOC, there is a single 
tyrosine Y108, which has an elevated pKa when metal is bound.   A shift of the Y8a band 
was reported with metal binding.35   
 While intrinsically disordered proteins are ubiquitous (reviewed in 2-3, 66). new 
paradigms are needed to link structure and function in these proteins.  To model and 
interpret the histatin results, we employed a family of designed beta hairpin peptides, which 
were engineered to provide a bindig site for zinc.  In beta hairpins, the formation of the 
antiparallel beta structure is spontaneous.67  Beta hairpins are dynamic in solution, and 
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sample an ensemble of structural states.28, 68-69 When the samples are treated with zinc, a 
change in the UVRR spectrum is observed, which is similar to the change observed in the 
histatin peptides.  In addition, a change in vibrational spectrum of an adjacent tyrosine is 
observed, which is consistent with a decrease in its pKa and the observed red shift of its 
electronic spectrum.  Interesiingly, the UVRR bands are similar to the Hst5 observed here.   
Designed beta hairpins also provide a promising avenue in the development of new 
treatments.  For example, the antimicrobial peptide, arenicin, is a beta hairpin and use of 
analogs of the sequence as a pharmaceutical agent against Gram positive bacteria is under 
investigation.70  Also, the use of beta hairpins as scaffolds to catalyze biomimetic reactions 
has been explored.71  To widen the field of accessible uses and reactions, specific metal 
binding is a valuable goal. Because beta hairpins are often dynamic molecules, which 
exhibit conformational flexibility on multiple time scales, detailed structural studies are 
not always possible via NMR or X-ray crystallography.  This is especially true for non-
paramagnetic and non-chromogenic metal ions like zinc, which do not lend themselves to 
electron spin resonance techniques.  In addition, short beta-turn-beta peptides are important 
in human health.  For example, antimicrobial peptides of the beta hairpin family are 
components of the innate immune system.72  An example is defensin, which contains at 
least one pair of two beta strands.73 Defensins play a role in host defense and are 18-45 
amino acids in length.74  Another example, hepcidin, is a 25 amino acid peptide, which is 




In summary, the results presented here provide new information concerning metal 
binding sites in intrinsically disordered peptides.  A combination of spectroscopic studies 
of the biological sample and peptide models provides a robust framework for interpretation.  
The results support the conclusion that Hst5 is a conformationally dynamic peptide, with 
bioactive forms that are preferentially stabilized by zinc interactions.  The stability of the 
peptide is responsive to the addition of divalent metal ions, and zinc binds to histidine 
residues in the peptide.  The copper and zinc sites are distinct, and a loss of specificity and 
conformational destabilization are associated with a decrease in antimicrobial activity. 
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